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ABSTRACT 

A rocket  r a d i o  propagation experiment developed a t  t h e  Univers i ty  of  I l l i n o i s  

measures t h e  d i f f e r e n t i a l  absorpt ion  and t h e  phase d i f f e r e n c e  between t h e  ord inary  

and ext raordinary  magnetoionic components generated at t h e  ground and received 

a t  t h e  rocket .  

formed by t h e  i n t e r f e r e n c e  of d i r e c t  and r e f l e c t e d  waves, t h e  e l e c t r o n  d e n s i t i e s  

and t h e  e l e c t r o n  c o l l i s i o n  frequencies of  t h e  ionosphere through which t h e  rocket  

passes are deduced. The system was designed f o r  use at  temperate l a t i t u d e s  where 

t h e  so- ca l l ed  "quasi- longitudinal"  approximation of  t h e  Appleton-Hartree equation 

holds .  During t h e  NASA Mobile Launch Expedition during t h e  I n t e r n a t i o n a l  Quiet 

Sun Year (1964-65) a rocket  car ry ing  t h i s  experiment was launched from t h e  a i r-  

craft  c a r r i e r  USNS Croatan, very c lose  t o  t h e  magnetic equator .  

experiment necess i t a t ed  c e r t a i n  changes i n  t h e  system which are described i n  d e t a i l  

i n  t h i s  r e p o r t .  

From t h e s e  measurements and by analyzing t h e  s tanding wave p a t t e r n  

This equa to r i a l  

The methods of  analyzing t h e  d a t a  obtained during t h e  equa to r i a l  experiment 

are developed and t h e  r e s u l t s  thereby o%tained a r e  presented.  

countered i n  t h e  use of  propagation experiment a t  t h e  equator  a r e  s t a t e d  and 

ways and means of  improving t h e  e x i s t i n g  technique are discussed,  as are some 

o f  t h e  equa to r i a l  ionospheric  problems which can be s tud ied  us ing  t h i s  technique. 

This  r epor t  is  intended t o  a i d  planning o f  poss ib le  f u r t h e r  e q u a t o r i a l  iono- 

s p h e r i c  s t u d i e s  u t i l i z i n g  t h e  rocket  r ad io  propagation technique. 

The problems en- 
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1. INTRODUCTION 

The equa to r i a l  ionosphere can be  charac te r ized  by var ious  phenomena which 

a r e  d i - f fe ren t  f o r  d i f f e r e n t  a l t i t u d e  reg ions .  Therefore i t s  l a t i t u d e  range, as 

is usua l ly  r e f e r r e d  t o ,  is d i f f e r e n t  f o r  d i f f e r e n t  regions of t h e  ionosphere. 

The mode of  propagation of  r a d i o  waves i s  e n t i r e l y  d i f f e r e n t  a t  t h e  equator  from 

--------- 

t h a t  of o the r  l a t i t u d e s ,  because of t he  near ly  ho r i zon ta l  magnetic f i e l d  l i n e s .  

Therefore c l o s e  t o  t he  magnetic equator  t h e  quas i- t ransverse  approximation holds 

for  t h e  Appleton-Hartree equat ion.  Aikin (1965) cha rac t e r i ze s  t h e  equa to r i a l  

D-region by t h e  absence of  p a r t i c l e  i on i za t i on .  

f i ned  t o  - +5O l a t i t u d e  o f  t h e  magnetic equator  and it is  charac te r ized  by t h e  

presence of  s t rong  cur ren t  system c a l l e d  t h e  e l e c t r o j e t  and a s p e c i a l  type of 

sporad ic  E c a l l e d  t h e  equa to r i a l  Es(Es-q) , which i s  be l ieved  t o  be  a manifes- 

t a t i o n  of t h e  e l e c t r o j e t .  

region ly ing  between +20° of t h e  magnetic equator  has  many i n t e r e s t i n g  anomalies, 

t h e  most i n t e r e s t i n g  of them being t h e  one de tec ted  by Appleton (1946). The 

incidence of  spread F phenomena i n  t h e  equa to r i a l  zone i s  considerably h igher  

than a t  middle l a t i t u d e s ,  and i t  occurs mostly at n igh t .  However t he  na tu re  

of t h i s  phenomenon a t  t he  equator  i s  be l ieved  t o  b e  d i f f e r e n t  from t h a t  occurr ing 

at o the r  l a t i t u d e s .  

The equa to r i a l  E-region is  con- 

The equa to r i a l  F-region which is supposedly t he  

The var ious  phenomena o f  t h e  e q u a t o r i a l  ionosphere have been organized i n t o  

f o u r  s ec t i ons  i n  t h i s  chapte r ,  and e x i s t i n g  knowledge is  summarized. 

t h i s  summary is  not  meant t o  be  exhaust ive;  r a t h e r ,  only those  t op i c s  r e l evan t  

for  rocket  s t u d i e s  a r e  summarized. 

1.1 The D-region and Equator ia l  Ionospheric Absorption 

However 

Though the  lower ionosphere i n  t he  equa to r i a l  zone may be charac te r ized  by 

t h e  absence of p a r t i c l e  i o n i z a t i o n ,  t h e  boundaries of  t h i s  zone are very ambiguous. 
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Therefore as a working d e f i n i t i o n  it may be s a i d  t h a t  it is  t h e  l a t i t u d e  region 

i n  which t h e  'seasonal  anomaly' i n  ionospheric  absorpt ion  e x i s t s  (Skinner,  1965). 

The index o f  absorpt ion  ' n r  as deduced from t h e  noontime absorpt ion values obtained 

during various seasons is  much h ighe r  than  t h e  value obtained using t h e  d iu rna l  

v a r i a t i o n  of absorpt ion.  This i s  t h e  case only a t  equa to r i a l  l a t i t u d e s  and t h i s  

phenomenon is r e f e r r e d  t o  as t h e  'seasonal  anomaly' i n  ionospheric  absorpt ion.  

The cosmic ray  production funct ion  reaches a minimum value a t  t h e  geomagnetic 

equator  (Aikin, 1965) and as such t h e  main sources of i o n i z a t i o n  i n  t h e  D-region 

are 2-8 8 x-rays and Lyman-a a t  1215.6 8. The Lyman-a energy f l u x  i s  r e l a t i v e l y  

constant  with s o l a r  condi t ions .  The most important l o s s  processes i n  t h e  D-region 

a r e  be l ieved t o  be (Aikin, 1965): 

(1) t h r e e  body attachment o f  e l ec t rons  t o  molecular oxygen 

( 2 )  photodetachment from O 2  

(3)  ion- ion recombination 

(4) d i s s o c i a t i v e  l o s s  processes 

Nicolet  and Aikin (1960) p red ic t ed  t h e  ion  and e l e c t r o n  dens i ty  d i s t r i b u t i o n  

f o r  various s o l a r  condi t ions .  However s e v e r a l  recent  measurements showed t h a t  

t h e  e x i s t i n g  D-region t h e o r i e s  are i n  need of  modif icat ion.  

equa to r i a l  and middle l a t i t u d e  VLF propagation,  Chil ton and Radice l la  (1965) 

showed t h a t  t h e r e  a r e  b a s i c  d i f f e rences  between those two propagation charac ter-  

i s t i c s .  

s t r u c t u r e  of t h e  lower D-region with l a t i t u d e .  

fe rences  are due t o  l a t i t u d i n a l  v a r i a t i o n  i n  t h e  daytime e l e c t r o n  dens i ty  g rad ien t .  

Ionospheric absorpt ion  of  r a d i o  waves has been s t u d i e d  i n  t h e  equa to r i a l  

By a s tudy of  t r a n s -  

They b e l i e v e  t h a t  t h e s e  d i f f e rences  s t rong ly  suggest  changes i n  t h e  

I t  i s  thought t h a t  t h e s e  d i f -  

zone by two main methods. 

technique and t h e  second one c o n s i s t s  i n  recording t h e  l e v e l  of cosmic r a d i o  

noise  a t  a frequency a t  abqut 20 MHz by a device known as a r iometer .  

The f i rs t  is t h e  v e r t i c a l  incidence pu l se  r e f l e c t i o n  

Such 
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s t u d i e s  i n  t h e  equa to r i a l  zone have been made' i n  Africa (Ibadan, Dakar), I n d i a  

(Waltair ,  Ahmedabad, Delhi ,  and Banaras), Ceylon (Colombo) and t h e  Far East 

(Singapore).  

frequency, s u n ' s  zeni th  angle,  lunar  time, and s o l a r  a c t i v i t y .  Arising out  o f  

S tudies  have been made on t h e  v a r i a t i o n  of  absorpt ion  with wave 

these  s t u d i e s ,  t h e r e  are many d i sc repanc ies ,  t he  most important of  them being 

t h e  dependence o f  absorpt ion  on wave frequency and t h e  s o l a r  zen i th  angle.  

summer, t h e  noontime absorpt ion  values are lower than  what is  expected and t h i s  

phenomenon i s  c a l l e d  t h e  'summer anomaly'. For s t a t i o n s  having t h e  same l a t i t u d e  

but  belonging t o  d i f f e r e n t  longitude zones, t h e  v a r i a t i o n  of absorpt ion with 

sunspot a c t i v i t y  i s  d i f f e r e n t ,  g iv ing  r i s e  t o  t h e  so- ca l l ed  ' longi tude  anomaly'. 

Whether t h e  absorpt ion values measured a t  equa to r i a l  s t a t i o n s  are propor t ional  

t o  f - l  o r  f -2 ,  f being t h e  opera t ing  frequency, i s  not  ye t  d e f i n i t e l y  known. 

Another major problem s t i l l  t o  be resolved i s  t h e  ques t ion  of  t h e  r e l a t ive  con- 

t r i b u t i o n  of t h e  var ious  ionospher ic  regions t o  t h e  t o t a l  absorpt ion  (Skinner,  

1965). 

During 

Recently t h e r e  are some r e p o r t s  i n d i c a t i n g  t h e  exis tence  of  an e q u a t o r i a l  

anomaly i n  absorpt ion  n e a r  t h e  equator  which p a r a l l e l s  t h a t  i n  t h e  F2-layer 

c r i t i c a l  frequency (F F2). Flugel  (1962) f i rs t  suggested t h a t  t h e r e  i s  magnetic 

con t ro l  of  absorpt ion n e a r  t h e  equator  with s u b s t a n t i a l l y  h ighe r  absorpt ion  on 

e i t h e r  s i d e  a t  l a t i t u d e s  of  about - +1S0. 

incidence absorpt ion  measurements at var idus  l a t i t u d e s ,  confirmed t h e  ex i s t ence  

of  an e q u a t o r i a l  and low- la t i tude  anomaly i n  ionospher ic  absorpt ion.  However 

t h e  anomaly is no t i ced  t o  be p resen t  during t h e  af te rnoon hours r a t h e r  than t h e  

forenoon hours.  

absorpt ion  are due t o  changes i n  i o n i z a t i o n  dens i ty ,  c o l l i s i o n  frequency, o r  

bo th .  

0 

Shirke  (1966) using shipboard v e r t i c a l  

But t h e  ques t ion  %mains unanswered whether t h e  anomalies i n  

The absorpt ion  o f l r a d i o  waves i n  t h e  ionosphere depends on: 
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(1) 

(2) t h e  e l e c t r o n  dens i ty  i n  the  absorbing r e g i o n ,  and 

(3) 

t h e  c o l l i s i o n  frequency of t h e  e l e c t r o n s ,  

t h e  gradient  of ion iza t ion  i n  t h e  r e f l e c t i n g  region.  

I n t e r p r e t a t i o n  of  absorpt ion d a t a  i s  only poss ib le  i f  a t  least one of  these  can 

be  evaluated with some accuracy (P iggo t t ,  1965). ' ; Well planned rocket  

experiments could well be t h e  answer t o  r e so lve  t h e  anomalies and d iscrepancies  

present  i n  t h e  ionospheric  absorpt ion a t  equa to r i a l  l a t i t u d e s .  

1 . 2  The Equatorial  Sporadic E 

Berkner and Wells (1937) first observed t h a t  a kind of  sporadic  E with s p e c i a l  

f e a t u r e s  occurs r e g u l a r l y  on ionograms obtained a t  Huancayo, very c lose  t o  t h e  

magnetic equator .  Many s t u d i e s  s ince  have shown (Smith, 1957) t h a t  Huancayo and 

o the r  s t a t i o n s  near  t h e  magnetic equator  have a h igher  daytime incidence of 

sporadic  E than  any o t h e r  E s  zone' i n  t h e  world. This type  of E s  i s  now desig-  

nated  as Es-q and is  c a l l e d  equa to r i a l  E s .  I t  i s  mainly a daytime phenomenon, 

and is  nonblanketing i n  na tu re .  Matsushita  (1951) showed t h a t  Es-q i s  c lose ly  

r e l a t e d  t o  t h e  equa to r i a l  e l e c t r o j e t ,  a daytime cu r ren t  s tream flowing along t h e  

magnetic equator  a t  a he ight  of about 100 km. Knecht and McDuffie (1962) 

suggested t h a t  e q u a t o r i a l  E s  occurs i n  a b e l t  having a width of about 700 km, 

which agrees very  well with t h e  width of t h e  e q u a t o r i a l  e l e c t r o j e t  as deduced 

from geomagnetic observat ions .  

Using rocket-borne magnetometer measurements , C a h i l l  (1955) observed t h a t  

t h e  hor i zon ta l  cu r ren t  dens i ty  showed two maxima a t  he igh t s  of 105 km and 125 km 

of roughly equal magnitude, i n d i c a t i n g  a b i f u r c a t i o n  of  t h e  e q u a t o r i a l  e l e c t r o-  

j e t .  From both r a d i o  sounding measurements (ionosondes) and VHF r a d i o  s c a t t e r i n g  

measurements of t h e  e q u a t o r i a l  ionosphere (Matsushita , 1962; Cohen and Bowles , 

1963), it i s  known t h a t  t h e r e  are i r r e g u l a r i t i e s  of i o n i z a t i o n  dens i ty  a s soc ia t ed  

with t h e  e l e c t r o j e t .  Thesje e q u a t o r i a l  E s  i r r e g u l a r i t i e s  are genera l ly  a l igned 
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wi th  t h e  e a r t h ' s  magnetic f i e l d  and move t r ansve r se ly  across it,  as ind ica ted  

by t h e  aspect  s e n s i t i v e  na tu re  of r ada r  echoes obtained during backsca t t e r  s t u d i e s .  

The i r r e g u l a r i t i e s  i n  t h e  e l e c t r o j e t  c o n s t i t u t e  a l a y e r  of  t h e  order  o f  seven km 

th ickness  centered  a t  an a l t i t u d e  between 100-105 km (Bowles, -- e t  a l . ,  1960). 

Bowles and Cohen (1962) have found t h a t  t h e  f i e ld- a l igned  i r r e g u l a r i t i e s  t o  

which t h e  Es-q is  a t t r i b u t e d  are embedded i n  t h e  r egu la r  E- layer.  

Many at tempts have been made t o  expla in  the  mechanism by which t h e  f i e l d -  

al igned i r r e g u l a r i t i e s  are produced. 

s t a b i l i t y  i n  a plasma developed by Far ley  (1963) takes i n t o  account both t h e  

effect of  c o l l i s i o n s  of ions and e l e c t r o n s  with n e u t r a l  p a r t i c l e s  and t h e  pre-  

sence of a uniform magnetic f i e l d .  Applying t h e  r e s u l t s  t o  t h e  ionosphere, it 

was found t h a t  i r r e g u l a r i t i e s  of i o n i z a t i o n  dens i ty  should ar ise spontaneously 

i n  regions i n  which a s u f f i c i e n t l y  s t rong  cu r ren t  is  flowing normal t o  t h e  

magnetic f i e l d  l i n e s .  

magnetic f i e l d  and may have a wide range of  wavelengths. 

A theory of t h e  two-stream ion  wave in-  

These i r r e g u l a r i t i e s  w i l l  be s t rong ly  a l igned  with t h e  

The var ious  p red ic t ions  

of t h e  theory a r e  i n  agreement with t h e  observed c h a r a c t e r i s t i c s  of  c e r t a i n  f i e l d -  

al igned i r r e g u l a r i t i e s  found i n  t h e  e q u a t o r i a l  ionosphere t h a t  are as soc ia t ed  

with t h e  e q u a t o r i a l  e l e c t r o j e t .  

During March 1965, a series of  s i x  rockets  were launched i n  t h e  v i c i n i t y  

of  t h e  magnetic equator  by Blumle -- e t  a l . ,  (1965), f o r  t h e  purpose of  measuring 

t h e  e l e c t r o n  dens i ty  d i s t r i b u t i o n  of  t h e  e q u a t o r i a l  ionosphere t o  an a l t i t u d e  

of  200 km. Ionograms obtained a t  t h e  f i r i n g  showed equa to r i a l  sporad ic  E a t  

110 km but  t h e r e  was no evidence of a l a r g e  inc rease  i n  dens i ty  i n  t h e  a l t i t u d e  

region of  t h e  e l e c t r o j e t .  

t o r i a l  e l e c t r o j e t  i s  s t i l l  an enigma and Whitehead (1966) had t o  conclude t h a t  

Even af ter  about th ree  decades of s tudy ,  t h e  equa- 

it i s  impossible t o  cons t ruc t  a model of t h e  e q u a t o r i a l  e l e c t r o j e t  cu r ren t  t o  

f i t  t h e  rocket  measurements of t h i s  cu r ren t ,  and o t h e r  evidence concerning t h i s  

region .  
1 

P )6 
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1 . 3  The Equatorial  F-Region 

When t h e  F2- layer i s  inves t iga t ed  a t  d i f f e r e n t  observa tor ies  a t  d i f f e r e n t  

times, i t s  behavior is found t o  be  very complicated and d i f f i c u l t  t o  summarize. 

Any summary w i l l  oversimplify t h e  facts and w i l l  not cover some of  t h e  more 

s t r i k i n g  p e c u l i a r i t i e s .  

l a y e r  by poin t ing  out  how it d i f f e r s  from t h a t  o f  a hypothe t ica l  Chapman l aye r .  

I t  i s  usua l  t o  descr ibe  t he  o v e r a l l  behavior o f  t h e  F2-  

I t  i s  well known t h a t  t h e  l a t i t u d i n a l  d i s t r i b u t i o n  of  noontime F-region 

c r i t i ca l  frequency shows a d i p  around t h e  magnetic equator  (Appleton, 1946, 1954; 

Rastogi ,  1959a) with peaks on e i t h e r  s i d e  a t  about - +15O-2Oo l a t i t u d e .  The region 

wi th in  these  peaks is  usua l ly  r e f e r r e d  t o  as eoua to r i a l  F-region. 

i s  more systematic  i f  t h e  noontime FoF2 d a t a  is  p l o t t e d  aga ins t  magnetic l a t i t u d e  

in s t ead  of  geomagnetic l a t i t u d e .  

t h e  F2-region along t h e  e a r t h ' s  magnetic f i e l d  l i n e s  are probably important i n  

explaining t h i s  anomaly. 

of  t h e  day, it was shown by Rastogi (1959a) t h a t  t h e  trough observed when noon 

f F 2  is  p l o t t e d ,  is  replaced by a peak when midnight f o F 2  values are u t i l i z e d .  

He has a l s o  e s t ab l i shed  t h a t  t h e  d i s t r i b u t i o n  of  noontime f F2  is  con t ro l l ed  

by t h e  magnetic d i p ,  , r a t h e r  than t h e  geomagnetic l a t i t u d e ,  and t h a t  t he  peaks o f  

f F2 occur a t  - +30° d i p  i n  low sunspot yea r s ,  and a t  - +3S0  d i p  a t  high sunspot 

yea r s .  (Rastogi 1959b, 1959c) . 

The v a r i a t i o n  

This observat ion sugges ts  t h a t  movements i n  

If f o F 2  is  p l o t t e d  i n  t h e  same way, a t  d i f f e r e n t  times 

0 

0 

0 

If  e l ec t ron  product ion and l o s s  rates do not  vary Zrea t ly  with l a t i t u d e  i n  

t h e  equa to r i a l  region,  it might be  i n f e r r e d  t h a t  i on iza t ion  movements are re- 

spons ib le  f o r  t h e  anomaly. Mitra (1946) f i r s t  suggested t h a t  i on iza t ion  pro- 

duced i n  t h e  region of t h e  magnetic equator  would d i f f u s e  downwards along t h e  

f i e l d  l i n e s  and poss ib ly  g ive  r i s e  t o  t h e  N F 2  maxima observed a t  h igher  l a t i t u d e s .  

A second ion iza t ion  movement proposed by Martyn (1955) and developed by Duncan 

(1960) is  due t o  t h e  presence of  an e l e c t r o s t a t i c  f i e l d  i n  t h e  F- region. This 

m 

d 
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f i e l d  causes t h e  i o n i z a t i o n  t o  d r i f t  i n  a d i r e c t i o n  perpendicular  both t o  t h e  

magnetic f i e l d  l i n e s  and t o  t h e  e lec t r ic  f i 'e ld 'd i rec t ion ,  so  t h a t  an eastward 

e l ec t r i c  f i e l d  w i l l  cause an upward 

(1955) envisages a " fountain effect" i n  which t h e  i o n i z a t i o n  is l i f t e d  upward 

a t  low l a t i t u d e s  and then  deposi ted a t  h igher  l a t i t u d e s  by d i f f u s i o n  along t h e  

f i e l d  l i n e s .  

1963; Goldberg -- e t  a l . ,  1964; Goldberg, 1965) i n  terms of rapid  d i f f u s i o n  along 

t h e  l i n e s  o f  f o r c e  and an assumed Chapman-like F- layer  v e r t i c a l  p r o f i l e  a t  t h e  

magnetic equator ,  but  without tak ing  e x p l i c i t  account of  production,  l o s s ,  o r  

electromagnetic  d r i f t .  

d r i f t  of any magnitude on t h e  equa to r i a l  i o n i z a t i o n  d i s t r i b u t i o n ,  a q u a n t i t a t i v e  

t reatment  o f  t h e  Appleton anomaly is  given by Hanson and Moffett  (1966). 

v e r t i c a l  motion of  t h e  ion iza t ion .  Martyn 

The equa td r i a l  F-regiori has been descr ibed  (Goldberg and Schmerling, 

By i n v e s t i g a t i n g  t h e  effect  of a v e r t i c a l  electromagnetic  

The most important o f  t h e  F-region i r r e g u l a r i t i e s  i s  t h e  spread  F phenomenon. 

The global  d i s t r i b u t i o n  of  spread F occurrence shows two regions of high i n c i -  

dence, one above 60' geomagnetic and t h e  o t h e r  wi th in  + Z O O  of t h e  geomagnetic 

equator .  

buted t o :  

- 
Spread F conf igura t ions  as appearing on ionograms are genera l ly  a t t r i -  

(1) a spec t- sens i t ive  s c a t t e r i n g  by t h e i r  magnetic f i e ld- a l igned  

i r r e g u l a r i t i e s  ; 

(2) duct ing  along broad i r r e g u l a r i t i e s ;  a rd  

(3) r e f r a c t i o n  wi th in  l a r g e  scale reductions i n  e l e c t r o n  dens i ty  

(Calvert and Schmidt, 1964). 

equa to r i a l  l a t i t u d e s  and t h e  d iu rna l  behavior  i s  similar i n  nor thern  .and southern 

l a t i t u d e s  around t h e  geomagnetic equator .  

gene ra l ly  between 2000-2100 hours.  LMT and t h e  percentage occurrence reaches i t s  

maximum s h o r t l y  a f ter  midnight (Murthy, 1966). 

Spread F i s  mainly a n ight t ime phenomenon a t  

The onset  o f  spread F takes  p l a c e ,  

1 

'I c 
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1.4  The Current Systems and Storms 

By d e f i n i t i o n  t h e  mean s o l a r  q u i e t  day v a r i a t i o n ,  S is t h e  average magnetic 
9' 

v a r i a t i o n  over s e v e r a l  q u i e t  days. 

impossible t o  e l iminate  completely t h e  effects of d is turbances - i n  order  t o  obta in  

an " idea l  S ". The term S should not  be r e f e r r e d  t o  indiv idual  days. I t  i s  

genera l ly  accepted t h a t  t h e  equa to r i a l  e l e c t r o j e t  is p a r t  o f  t h e  q u i e t  day 

cu r ren t  system. The j e t  i s  considered as t h a t  p a r t  of  t h e  cu r ren t  respons ib le  

f o r  t h e  increased hor i zon ta l  f i e l d  v a r i a t i o n  i n  a narrow b e l t  nea r  t h e  d ip  equator .  

I t  i s  supposed t o  be  an i n t e n s e  eastward e l e c t r o j e t  cu r ren t  set  up as a r e s u l t  

of t h e  crowding o f  cu r ren t  l i n e s  i n t o  t h e  narrow b e l t  of  high conduct iv i ty  a t  

t h e  d i p  equator .  For purposes of  some ana lys i s  t h e  measured f i e l d  v a r i a t i o n s  

are usua l ly  separa ted  i n t o  e l e c t r o j e t  and world-wide p a r t s  (Ogbuhei and Osborne, 

1965). 

I t  i s  an ope ra t iona l  d e f i n i t i o n  and it is  

9 9 

A number of s t u d i e s  of t h e  e l e c t r o j e t  using measurements of ground l e v e l  

magnetic f i e l d s  have been repor t ed .  

and a x i s  p o s i t i o n  of t h e  e l e c t r o j e t  vary considerably from day t o  day. 

observat ions of t h e  equa to r i a l  e l e c t r o j e t  over Thumba, Ind ia  were made by 

Maynard -7 e t  a l . ,  (1965). 

between apogee (170 km) and 100 km below apogee was about 90 gamma. Recent 

rocket  measurements o f  ionospher ic  cu r ren t s  near  Peru (Maynard and C a h i l l ,  1965) 

loca ted  a s t rong  cu r ren t  at about 110 km i n  t h e  e l e c t r o j e t  region.  

suggested t h a t  t h e r e  i s  evidence f o r  two cu r ren t  l aye r s  j u s t  ou t s ide  t h e  elec- 

t r o j e t  zone. 

t r o j e t  j u s t  o f f  t h e  coas t  of Peru were repor ted  by Davis -- e t  a l . ,  (1966). 

noontime f l i g h t  on t h e  geographic equator  penet ra ted  a cu r ren t  l a y e r  with maxi- 

mum current  dens i ty  near  a l t i t u d e  115 km. 

t o  t h e  Pederson cu r ren t  qnd is  t h e  same one respons ib le  f o r  t h e  mid la t i tude  S 

These confirmed t h a t  t h e  width,  i n t e n s i t y ,  

Rocket 

A t  1000 hours l o c a l  t i m e ,  t h e  t o t a l  change i n  f i e l d  

It was 

The r e s u l t s  o f  8 rocket  f l i g h t s  i n t o  and nea r  the  equa to r i a l  elec- 

A 

This l aye r  evident ly  i s  due p r imar i ly  

9 
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magnetic v a r i a t i o n s .  The o t h e r  rockets  were flown wi th in  200 km o f  t h e  measured 

magnetic equator  where they penet ra ted  t h e  equa to r i a l  e l e c t r o j e t .  This cu r ren t ,  

due t o  t h e  sum of t h e  Pederson cu r ren t  and H a l  cur rent ,  enhanced by po la r i zed  

e lec t r ic  f i e l d s ,  'has a lower boundary nea r  87 km a l t i t u d e '  and m a x i m u m  cu r ren t  

2 i t y  o f  IQ amp/km nea6 107 km a l t i t u d e .  

During magnetic storms an add i t iona l  d is turbance  (D) magnetic f i e l d  i s  

superposed on t h e  normal f i e l d  of t h e  e a r t h .  

ment of t h e  hor i zon ta l  component during t h e  dayl ight  hours i n  t h e  magnetic 

equa to r i a l  zone a t  sudden commencements and impulses, s o l a r  d a i l y  d is turbance  

v a r i a t i o n s  (DS) , and s o l a r  flares (Bhargava, e t  a l . ,  1964; Matsushita ,  1964; 

and Rastogi -- e t  a l . ,  1965). This enhancement is supposed t o  be caused by t h e  

high conduct iv i ty  i n  t h e  magnetic equa to r i a l  zone. Matsushita  (1964) reviewed 

t h e  t h e o r e t i c a l  models of magnetic storms and concluded t h a t  none of them are 

very s a t i s f a c t o r y .  

There are many repor t s  o f  enhance- 

-- 

The r e l a t i o n s h i p  between t h e  ionospheric  storms and magnetic storms has 

always been very ambiguous. O la tun j i  (1965) could f i n d  no r e l a t i o n  t o  K and 

A f o r  ionospher ic  storms recorded a t  Ta la ra ,  Ibadan, and Singapore. There 

was some i n d i c a t i o n  i n  h i s  s t u d i e s  t h a t  ionospheric  storms began from h a l f  t o  

n i n e  hours la ter  than magnetic storms i n  1960 and 1961. I t  is  well known t h a t  

noon f F 2  a t  equa to r i a l  s t a t i o n s  during any of t h e  seasons increases  .with i n -  

c reas ing  magnetic a c t i v i t y .  

d is turbed than on q u i e t  days. However Rastogi and Rajaram (1965) showed t h a t  

during t h e  I G Y- I G C  pe r iod  t h e  noon values o f  f o F 2  a t  Huancayo decreased wi th  

inc reas ing  K-index during t h e  December s o l s t i c e ,  while  during t h e  June s o l s t i c e  

f F2  is p o s i t i v e l y  c o r r e l a t e d  with K .  The abnormal decrease of  foF2  during t h e  

P 

P 

0 

Fur the r , the  daytime values  of f F2 are g r e a t e r  on 
0 

0 

d i s tu rbed  

Chi clay0 , 

days i s  found only a t  t h e  e q u a t o r i a l  s t a t i o n s  of  Huancayo, Chimbote, 

and Talara (75OW meridian) during the  December s o l s t i c e .  F o r  t h e  
1 
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years 1953-1961, t h i s  decrease was only seen during maximum s o l a r  a c t i v i t y .  

Comparing t h e  va r i a t i ons  a t  d i f f e r e n t  longitudes it is  found t h a t  t h i s  abnor- 

mal i ty  occurs only a t  Huancayo. 

1 . 5  Summary 

From a s tudy of t he  var ious  equa to r i a l  phenomena as descr ibed above, i t  

can be e a s i l y  seen t h a t  many of t h e  anomalies a r e  far  from being completely 

understood. 

a t i n g  with ground-based experiments could be a key i n  understanding the se  

I t  has been r e a l i z e d  t h a t  wel l  planned rocket  experiments col labor-  

anomalies. I n  t he  succeeding chapters  t h e  r ad io  propagation experiment using 

rockets  developed at t he  Univers i ty  of  I l l i n o i s ,  w i l l  be  descr ibed i n  d e t a i l  

and i t s  a p p l i c a b i l i t y  f o r  s tudying the  equa to r i a l  problems w i l l  be  discussed.  
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2.  PROPAGATION EXPERIMENT AND ITS MODIFICATION 

FOR THE EQUATORIAL LAUNCHING 

2 . 1  In t roduct ion  

I n  t h i s  chapter  a r a d i o  propagation technique f o r  s tudying t h e  charac ter-  

This tech-  is t ics  of t h e  lower ionosphere using rockets  i s  b r i e f l y  described.  

nique has been developed by t h e  Coordinated Sciences Laboratory of  t h e  Univers i ty  

of  I l l i n o i s  (Knoebel -- e t  a l . ,  1965). Unique f ea tu res  of  t h e  system include:  

(1) feedback around a nul l seeking technique,  which increased  absorpt ion  

measurement accuracy, and 

(2) a r t i f i c i a l  r o t a t i o n  of t h e  p o l a r i z a t i o n  e l l i p s e  (by syn thes iz ing  

t h e  0- and x-waves) which extends t h e  range over  which Faraday 

r o t a t i o n  can be  resolved.  

The purpose of t h e  experiment i s  t o  measure with improved techniques t h e  e l e c t r o n  

dens i ty  and e l e c t r o n  c o l l i s i o n  frequency i n  the  lower ionosphere. Thus far ,  

more than  25 rocket  launchings have been made during var ious  ionospher ic  condi- 

t i o n s  and at var ious  l a t i t u d e s  u t i l i z i n g  t h i s  system and i t  has proved very 

success fu l  i n  obta in ing  t h e  des i r ed  information.  

A l l  t h e  launchings,  except one, were made a t  high l a t i t u d e s .  The system 

During o r i g i n a l l y  developed f o r  t h i s  region w i l l  be  first descr ibed  b r i e f l y .  

t h e  NASA Mobile Launch Expedition during t h e  I n t e r n a t i o n a l  Quiet Sun Year (1964- 

65) one rocket  was launched from t h e  aircraft  carr ier  USNS Croatan, very c l o s e  

t o  t h e  magnetic equator .  This  e q u a t o r i a l  experiment n e c e s s i t a t e d  some changes 

i n  t h e  system and these  w i l l  be discussed i n  d e t a i l  i n  t h e  succeeding s e c t i o n s  

of t h i s  chapter .  

2 . 2  System Descript ion 

A t  high l a t i t u d e s  (say Wallops I s l a n d ,  Vi rg in ia ,  (Geog. Lat. 37' 50'N; Long. 

75' 29'W) where most o f J t h e  rockets  u t i l i z i n g  t h i s  technique were launched) t h e  
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s o  -cal l.ed "quas i - longi tudina l"  approximat ion  o f  t h e  App l e t  on-Hartree equation 

holds s ince  t h e  d i r e c t i o n  of propagation of t h e  t r ansmi t t ed  wave is  very near ly  

i n  t h e  d i r e c t i o n  of t h e  e a r t h ' s  magnetic f i e l d .  

f r a c t i v e  index In r  i s  given by 

Under t h i s  condit ion t h e  re-  

2 X 
rl = 1 -  1 - j z  + Y L  

1 2 
where X = - = - ~m 

2 

2 
- wN Ne 

* 2  
0 w w 

V 

w 
z = -  

w = angular  frequency of  t h e  propagating r a d i o  wave 

N = e l e c t r o n  dens i ty  of t h e  medium 

e = absolu te  value of e l e c t r o n  charge 

m = e l e c t r o n  mass 

E 

BL = component of  t h e  e a r t h ' s  magnetic f l u x  dens i ty  along t h e  ray  path 

'v = e f f e c t i v e  c o l l i s i o n  frequency of e l ec t rons  with o the r  cons t i tuen t s  

= p e r m i t t i v i t y  of free space 
0 

of t h e  medium 

The wave p o l a r i z a t i o n  p ,  def ined  by t h e  r a t i o  of t h e  components of  t h e  magnetic 

f i e l d  i n t e n s i t y  of t h e  wave along two perpendicular  d i r e c t i o n s  i n  t h e  p lane  t r a n s-  

v e r s e  t o  t h e  d i r e c t i o n  of  propagation i s  

f o r  t h e  quas i- longi tudinal  case. 

t h a t  t h e r e  are two values f o r  t h e  r e f r a c t i v e  index In '  i n  space, giving r i se  t o  

From t h e  3 +YL term i n  equation (2.1) it i s  seen 

1 
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two modes of propagation. From equation (2.2) it is  seen  t h a t  t h e  r e s u l t i n g  

space and time quadratures cause t h e  two modes t o  be opposi te ly  c i r c u l a r l y  

polar ized  waves, t h e  ordinary and ext raordinary .  

The ground s t a t i o n  f o r  t h e  quas i- longi tudinal  regime is t h e r e f o r e  e s s e n t i a l l y  

as  shown i n  Figure 2 . 1 ,  genera t ing  two opposi te ly  c i r c u l a r l y  po la r i zed  waves, 

d i f f e r i n g  i n  frequency by 500 Hz.  

spinning a t  a r a t e  of  250 rps. 

t h e  rocket  antenna is telemetered t o  t h e  ground and recorded simultaneously with 

A p o l a r i z a t i o n  e l l i p s e  is  thus generated,  

The 500 Hz modulation produced i n  t h e  output  of 

t h e  500 Hz re ference  frequency which produced t h e  p o l a r i z a t i o n  r o t a t i o n .  A con- 

s t a n t  e l l i p t i c i t y  i s  maintained i n  t h e  s i g n a l  received i n  t h e  rocket  by an auto- 

matic electr ical  adjustment a t  t h e  ground, which gives a continuous measure of 

t h e  d i f f e r e n t i a l  absorpt ion of t h e  ordinary and ext raordinary  magnetoionic com- 

ponents; t h e  r e l a t i v e  phase of t h e  two s i g n a l s  g iv ing  t h e  Faraday r o t a t i o n  angle.  

The Faraday r o t a t i o n  and d i f f e r e n t i a l  absorpt ion a r e  thus  measured up t o  the  

a l t i t u d e  where one o f  t h e  waves is r e f l e c t e d ,  I t  is  known t h a t  t h e  ext raordinary  

wave i s  r e f l e c t e d  a t  an a l t i t u d e  lower than t h e  ord inary  wave. Therefore,  above 

t h e  ext raordinary  r e f l e c t i o n  h e i g h t ,  e l e c t r o n  d e n s i t i e s  cannot be  obtained by 

Faraday r o t a t i o n  o r  d i f f e r e n t i a l  absorpt ion measurements. 

By examining t h e  r e c e i v e r  output trace on a te lemetry  cha r t  i t  may be seen  

t h a t  a s tanding wave p a t t e r n  i s  superimposed on t h e  r ece ive r  output .  

p a t t e r n  i s  due t o  d i r e c t  and r e f l e c t e d  ordinary  wave vec to r s  adding a t  t h e  rocket .  

Analysis of t h e  s tanding wave thus produced y i e 1 d s . a  measure of t h e  ordinary 

This 

phase r e f r a c t i v e  index which may be used t o  c a l c u l a t e  e l e c t r o n  dens i ty .  

However a t  t h e  equator ,  t h e  d i r e c t i o n  of t h e  propagated r a d i o  wave w i l l  

be t r ansve r se  t o  t h e  e a r t h ' s  magnetic f i e l d .  For t h i s  case, t h e  quas i - t r ans-  

ve r se  approximation of t h e  Appleton-Hartree equation i s  v a l i d ,  and s o  t h e  

1 
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r e f r a c t i v e  index,  n is given by 

with p = 0 2 X n = 1 -  1 - j Z  

f o r  t h e  ordinary wave, and 

with  p = m 2 X ( l  - X - iZ) n 
( 1  - j z > ( 1  - x - j z )  - Y* 

f o r  t he  ex t raord inary  wave, 

From these  equat ions ,  i t  can be shown t h a t  t h e  ordinary wave i s  l i n e a r l y  

po la r ized  with i t s  e l e c t r i c  vec to r  p a r a l l e l  t o  t h e  e a r t h ' s  magnetic f i e l d ;  while 

t he  extraordinary wave is l i n e a r l y  po l a r i zed  with t he  e l e c t r i c  vec to r  perpen- 

d i cu l a r  t o  t h e  e a r t h ' s  magnetic f i e l d .  

f i r i n g s ,  t h e  experimental  s e tup  has been modified t o  t ransmi t  l i n e a r l y  po l a r i zed  

waves, with t h e  a b i l i t y  t o  p o s i t i o n  t he  two l i n e a r  po l a r i za t i ons  about the  ax is  

of propagation.  

which is  nothing bu t  t h e  o r i g i n a l  system except f o r  some changes i n  t h e  antenna 

sys  tem . 

Hence, dur ing t h e  equa to r i a l  rocket  

A scheme of  t h i s  experimental s e tup  i s  shown i n  Figure 2 .2  

Figure 2 .1  i s  a block diagram of  t h e  e n t i r e  system used during most of t h e  

launchings.  

a r e  wi th in  a van as  shown wi th in  t h e  do t t ed  l i n e s  a t  t h e  l e f t .  The two e x c i t e r s  

x- and 0- a r e  c rys t a l - con t ro l l ed  CW o s c i l l a t o r s  d i f f e r i n g  i n  frequency by 500 Hz 

and operat ing 250 Hz above and below t h e  des i r ed  c e n t e r  frequency. 

of  each e x c i t e r  is con t ro l l ed  by waveguide-beyond-cut-off a t t enua to r s  whose 

range i s  0-50 dB. Figure 2 . 3  gives  the  mechanical system con t ro l l i ng  t he  a t t e n-  

ua to r s .  

A l l  t h e  ground-based equipment except t h e  t r ansmi t t i ng  antennas 

The output 

The output s h a f t  of each d i f f e r e n t i a l  con t ro l s  an a t t enua to r  p o s i t i o n .  

1 

I 

9 L 



J 

18 

The input  t o  one d i f f e r e n t i a l  (extraordinary)  cons i s t s  of  a time dependent 

angle 0 ( t )  coming from t h e  servo motor v i a  a s l i p  c l u t c h  and speed reducer ,  

and an angular  p o s i t i o n  0 (power l eve l )  se t  manually. The output of  t h i s  d i f -  

f e r e n t i a l ,  which con t ro l s  t h e  ext raordinary  wave a t t e n u a t o r ,  cons i s t s  o f  

1 

2 

e 2  - e l ( t ) .  

manually se t  angular  p o s i t i o n  0 

i s  used only f o r  c a l i b r a t i o n  purposes. 

con t ro l s  the  ord inary  wave a t t enua to r ,  c o n s i s t s  of  0 

a potent iometer  connected t o  output  s h a f t  o f  each d i f f e r e n t i a l  is used t o  monitor 

t h e  p o s i t i o n  o f  each a t t enua to r .  

The inputs  t o  t h e  second d i f f e r e n t i a l  [ordinary) cons i s t s  of t h e  

(power l eve l )  and a f ixed  p o s i t i o n  e3 ,  which 2 

The output  of t h i s  d i f f e r e n t i a l ,  which 

- 03" The vol tage  across 2 

During t h e  rocket  f l i g h t ,  t h e  ext raordinary  wave t r a n s x i t t e d  power i s  con- 

t r o l l e d  by means of an a t t e n u a t o r  ac t iva ted  by feedback o f  t h e  received s i g n a l  

telemetered from t h e  rocket ,  keeping t h e  ordinary t r ansmi t t ed  power cons tant .  

!$hen t h e  rocket  e n t e r s  t h e  ionosphere, t h e  ext raordinary  i s  absorbed more than 

t h e  ordinary.  A s  t h e  d i f f e r e n t i a l  absorpt ion appears ,  t h e  a t t enua t ion  i s  con- 

t i n u a l l y  reduced by a servo mechanism t o  maintain t h e  modulation of t h e  received 

s igna l  a t  a f ixed  32 percent ,  corresponding t o  a 10 dB d i f f e r e n c e  i n  t h e  i n t e n s i t y  

of t h e  two received wave components. The a t t e n u a t o r  s e t t i n g s  a r e  continuously 

recorded along with t h e  o the r  d a t a ,  enabling subsequent determinat ion of t h e  d i f -  

f e r e n t i a l  absorpt ion.  

The scheme as shown i n  Figure 2 . 2  was developed f o r  obta in ing  e i t h e r  c i r c u l a r  

o r  l i n e a r  p o l a r i z a t i o n s .  

e i t h e r  c i r c u l a r  o r  l i n e a r  po la r i za t ions  by v a r i a b l e  a t t enua to r s  and phase s h i f t e r s .  

As seen i n  t h e  f i g u r e ,  t h e  s i g n a l  which is t o  be  t h e  ordinary wave i s  passed 

through a power d i v i d e r ,  h a l f  t h e  power going through a v a r i a b l e  phase s h i f t e r  

and ha l f  through a v a r i a b l e  a t t enua to r .  

The 0- and x-waves can be  independently adjus ted  f o r  

The outputs  are s e n t  t o  adders which 
d 
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Figure 2 . 6  Photograph of t h e  rocket  receiving antenna used for t h e  
e q u a t o r i a l  launching 
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have 30 dB i s o l a t i o n  between adjacent  channels,  then are amplified and rad ia ted .  

The ex t raord inary  wave i s  t r e a t e d  i d e n t i c a l l y .  

The major d i f f e rence  i n  t h e  equa to r i a l  and non-equatorial  experiments 

comes i n  t h e  t r ansmi t t i ng  and rece iv ing  antenna systems. 

equator ia l  sho t s ,  both t h e  ordinary and extraordinary waves are c i r c u l a r l y  polar-  

i zed ,  t h e  t r ansmi t t i ng  antenna a r r ay  o r i e n t a t i o n  i s  immaterial. However, i t  

becomes very c r i t i c a l  f o r  t h e  equa to r i a l  launching. For l e a s t  contamination 

between t h e  two waves, t h e  d ipoles  must be perpendicular  t o  each o the r  as accur- 

a t e l y  as poss ib le .  Moreover, one d ipo le  (generat ing t h e  ordinary wave) should 

b e  p a r a l l e l  t o  t h e  t r u e  magnetic north- south.  

ordinary wave would the re fo re  b e  i n  t h e  east-west d i r e c t i o n ;  t h a t  i s ,  perpen- 

d i c u l a r  t o  t h e  e a r t h ' s  magnetic f i e l d  l i n e s .  How t h i s  was done f o r  t h e  equator-  

i a l  experiment (14.228) , when t h e  rocket was launched from t h e  s h i p  USNS Croatan 

during t h e  NASA Mobile Launch Expedition, is  shown i n  Figure 2.4. 

2.3 Rocket Antenna and Receiver 

Since f o r  t h e  non- 

The d ipo le  t ransmi t t ing  t h e  ex t ra-  

A fe r r i t e  rod l i n e a r  antenna located i n  t he  rocket  gives  an RF s igna l  output 

which i s  amplitude modulated i n  t h e  region of 500 H z  ( t h e  frequency d i f f e rence  

of  t h e  0- and x-waves), p lu s  twice the  r o t a t i o n  o f  t h e  rocket s p i n  p lus  a small 

cont r ibut ion  from Faraday r o t a t i o n .  The rocket  s p i n  is independently measured 
I 3 

by a magnetic aspect  sensor  contained i n  t h e  payload. 

t o r i a l  s h o t ,  ins tead  of a l i n e a r l y  polar ized  antenna, a c i r c u l a r l y  polar ized  

antenna i s  requi red .  

mounted perpendicular  t o  each o the r  as shown i n  Figure 2.5. 

t h e  antenna used i s  shown i n  Figure 2.6. A sh ie lded  l i n e  is  used f o r  each of 

t h e  antennas and t h e  outputs  of the. two antennas were coupled t o  t h e  r ece ive r  

However, f o r  t he  equa- 

So i n  t h i s  case, two f e r r i t e  loop antennas ( l i n e a r )  were 

A photograph of  

1 

c * 
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Figure 2 . 9  Photograph of t h e  rocket  r ece ive r  
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by a hybrid junct ion  c i r c u i t  (Berg and Howland, 1962). The antennas were then  

tuned of f  resonance, one above and t h e  o the r  below t o  g ive  a c i r c u l a r l y  po la r-  

i zed  p a t t e r n .  

antenna f o r  circular p o l a r i z a t i o n  is  given. 

o f  t h e  r ece ive r  i s  r a d i a t e d  by a hor i zon ta l  f e r r i t e  rod  antenna mounted on a 

In  Figure 2 . 7  t h e  block diagram f o r  ad jus t ing  t h e  rece iv ing  

A s i g n a l  a t  t h e  cen te r  frequency 

motor-drive u n i t .  

and adjus ted  f o r  minimum modulation. 

junc t ion  is  shown i n  Figure 2.8. The trimmer capac i to r s  C and C are u t i l i z e d  

f o r  making t h i s  adjustment.  The c e n t r a l  po r t ion  of t h e  antenna i s  encapsulated 

The output  o f  t h e  receiver i s  observed on an osc i l loscope  

The d e t a i l e d  c i r c u i t r y  of t h e  hybrid 

1 2 

i n  foam t o  provide add i t iona l  support  f o r  t h e  f e r r i t e  rods .  

c i r c u l a r l y  po la r i zed  antenna, t h e  rocket  s p i n  r a t e  w i l l  no t  e n t e r  t h e  r ece ive r  

output f o r  t h e  equa to r i a l  sho t .  

Because of  t h e  

The output  o f  t h e  antenna is  fed  t o  a t r a n s i s t o r i z e d  crystal con t ro l l ed  

superheterodyne rece ive r  designed and developed by Space Craft, Incorporated 

(see  Figure 2 .9 ) .  

r a t i o  and a s i g n a l  which i s  90 percent  modulated a t  500 Hz is  120 dbM o r  b e t t e r .  

I ts  dynamic range is from threshold  t o  -60 dbM with no more than  6 dB change 

i n  output l e v e l .  

f o r  the  first payload was about 100 m sec. The modulated RF s i g n a l  i s  de tec ted ,  

DC coupled and amplif ied t o  a 5-volt  l e v e l  f o r  feeding a s tandard  FM-AM te le-  

metry s u b c a r r i e r  o s c i l l a t o r  and te lemetry  t r a n s m i t t e r .  

The s e n s i t i v i t y  of  t h e  r ece ive r  f o r  a 10 dB s i g n a l  t o  no i se  

The r e c e i v e r  bandwidth i s  about 2 kHz and t h e  AGC t i m e  constant  

- 2.4 Po la r i za t ion  Tests 

One method o f  t e s t i n g  t h e  t r ansmi t t ing  antenna a r r a y  f o r  p u r i t y  of p o l a r i -  

za t ion  a t  medium l a t i t u d e s  involves t r ansmi t t ing  s h o r t  pulses  of RF with the  

system set up f o r  ext raordinary  p o l a r i z a t i o n .  A s e n s i t i v e  r ece ive r  i s  tuned 

t o  t h e  frequency t ransmi t ted  with the  output  o f  t h e  r e c e i v e r  displayed on an 

J 
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Figure 2 .11 (a) Whirly output s i g n a l  for 30% modulation 

(b) Whirly output s i g n a l  when only one mode is exc i ted  
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osc i l loscope .  Any r e t u r n  pu lses  from t h e  ionosphere,  observed on t h e  o s c i l l o -  

scope, are ind i ca t i ons  t h a t  t h e  p o l a r i z a t i o n  is not pure ly  ex t raord inary ,  as 

during t h e  day l igh t  hours ,  extraordinary po l a r i za t i on  i s  highly a t tenua ted  by 

t h e  D-layer s o  t h a t  any r e f l e c t e d  energy would be too  small t o  be  de t ec t ab l e .  

Therefore,  any echoes observed i n d i c a t e  t h a t  energy i s  being t ransmi t ted  i n  

o t h e r  than ex t raord inary  mode and adjustments should be  made t o  minimize t h i s  

r e t u r n  energy. Conversely, i t  i s  pos s ib l e  t o  t ransmi t  i n  t he  ordinary mode o f  

p o l a r i z a t i o n  and ad jus t  f o r  maximum r e t u r n  echoes as t h e  ordinary mode i s  l e s s  

a t tenua ted  by t h e  D-layer. However, a t  t h e  equator ,  as w i l l  be  shown i n  t h e  l a t e r  

chapters ,  t h e  d i f f e r e n t i a l  absorpt ion i s  small which means t h a t  both t h e  ordinary 

and extraordinary waves a r e  absorbed more o r  l e s s  equa l ly .  

not  be  p r a c t i c a b l e  a t  t h e  equator .  

So t h i s  method may 

Another method of  t e s t i n g  t h e  t r ansmi t t i ng  antenna a r ray  f o r  p o l a r i z a t i o n  

p u r i t y  is by using a small r o t a t i n g  d ipo le  placed a t  t h e  cen t e r  of t h e  a r r ay .  

In  Figure 2.10, t he  block diagram o f  t h e  se tup  used f o r  t h e  p o l a r i z a t i o n  t e s t s  

i s  shown. The d ipo l e  i s  a ho r i zon ta l  f e r r i t e  rod antenna mounted on a motor 

d r i v e  u n i t  capable of  r o t a t i n g  e i t h e r  clockwise o r  counterclockwise. The one- 

t u r n  l i nk  output of  t h e  antenna i s  brought through a coaxia l  l i n e  t o  an o s c i l -  

loscope i n  t h e  t r a n s m i t t e r  van. The ordinary a t t enua to r  i s  s e t  a t  20 dB and 

t h e  ex t raord inary  a t  30 dB and by varying t h e  outputs  of t h e  ordinary and ex t r a-  

ordinary e x c i t e r s ,  t he  modulation i s  ad jus ted  f o r  30 percen t  (Figure 2 .11 ( a ) ) .  

For high l a t i t u d e s ,  s i n c e  t he  0- and x-waves are c i r c u l a r l y  po la r ized  and r o t a t e  

i n  opposi te  d i r e c t i o n s ,  t he  sense of  r o t a t i o n  i s  checked by measuring the  carrier 

s i g n a l  frequency of  t h e  r o t a t i n g  d ipo le ,  which i s  s h i f t e d  by t h e  d ipo le  r o t a t i o n  

frequency. For t h e  equa to r i a l  experiment, when only one mode i s  exc i t ed  a t  a 

t ime,  t h e  output of t h e  r o t a t i n g  loop must e x h i b i t  100 percent  modulation a t  

twice t he  s p i n  r a t e  of  t h e  loop as shown i n  Figure 2 .11 (b ) ,  So f o r  t he  
1 
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Figure 2.12 Near f i e l d  r ad i a t i on  pa t t e rn s  obtained during t h e  
equa to r i a l  launching 
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equa to r ia l  experiment a l s o  , a l i n e a r  antenna i s  s u f f i c i e n t  f o r  t h e  p o l a r i z a t i o n  

tests. Near- field r a d i a t i o n  p a t t e r n s  f o r  t h e  ordinary  and ext raordinary  are 

shown i n  Figure  2 .12 .  

ing  (14.228) at t h e  opera t ing  frequency of 3.385 MHz. The lack of  symmetry 

These p a t t e r n s  were obtained during t h e  equa to r ia l  launch- 

i n  t h e  p a t t e r n s ,  as can be not iced from t h e  f i g u r e ,  i s  a t t r i b u t e d  t o  t h e  in ter-  

ference caused by t h e  s h i p ' s  s t r u c t u r e  and o the r  nearby antenna elements. 

i s  bel ieved t h a t  much of t h e s e  d i f f i c u l t i e s  w i l l  no t  be encountered i f  t h e  

experiment is  conducted a t  a ground launch s i t e .  

I t  

2.5 Data Reduction 

The advantages of  t h i s  system a r e  as fol lows:  

(1) a high sample rate of Faraday r o t a t i o n  and d i f f e r e n t i a l  absorpt ion 

i s  obtained due t o  t h e  500 cps frequency d i f fe rence  between t h e  

ext raordinary  and ordinary  waves; 

t h e  high sampling frequency i s  far  removed from any s p i n  modulation 

and from s tanding wave modulation a t  a l l  a l t i t u d e s ,  thereby enabling 

t h e  s i g n a l  frequency t o  be c l e a r l y  d i s t ingu i shed  from t h e  s tanding 

wave p a t t e r n  ; ar.d 

t h e  servo system, which maintains a constant  r a t i o  of  ordinary  t o  

ext raordinary  power a t  t h e  rocke t ,  considerably reduces t h e  non- 

l i n e a r i t y  of  t h e  rocket  r e c e i v e r  f o r  measuring r e l a t i v e  absorpt ion 

(2 )  

(3)  

between t h e  two waves and t r a n s f e r s  t h i s  measurement t o  a s e t  of  

p rec i s ion  RF a t t enua to r s  located  on t h e  ground. 

These refinements have enabled Faraday r o t a t i o n  and d i f f e r e n t i a l  absorpt ion 

measurements t o  be made t o  r e s o l u t i o n s  of about one degree and 0.2 dB, respec-  

t i v e l y .  

The concept of Faraday r o t a t i o n  as i s  understood a t  high l a t i t u d e s  is  some- 

what d i f f i c u l t  t o  comprehend at t h e  equator .  This i s  p a r t l y  because t h e  ordinary 
1 
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and ex t raord inary  waves are l i n e a r l y  polar ized  and perpendicular  t o  each o ther .  

When two s i n e  waves, varying about axes a t  r i g h t  angles ,  are combinedlthe re- 

s u l t a n t  f i g u r e  is  no longer  a s i n e  wave but  varies with t h e  re la t ive  time phase 

of  t h e  waves, I n  t h e  present  case, l e t  us take  l a r  as t h e  amplitude of t h e  

extraordinary wave, and 'b '  as t h e  amplitude of t h e  ordinary wave (Figure 2.13) 

and these  are being separa ted  by a frequency of 500 Hz,  thus introducing a time 

phase of 2nt o r  360' x t ,  t being t h e  u n i t  of  time. The r e s u l t a n t  of t hese  two 

waves is a s t r a i g h t  l i n e  when they are i n  time phase (o r  180' out of phase) and 

i s  an e l l i p s e  f o r  a l l  o the r  values o f  phase pos i t i on .  Since i n  t h e  present  case ,  

1 
500 t = - sec the  rocket  r ece ive r  output is  modulated by a 500 Hz s i g n a l .  As 

t h e s e  waves e n t e r  t h e  ionosphere,  s i n c e  t h e  phase v e l o c i t i e s  f o r  t h e  ordinary 

and extraordinary waves are d i f f e r e n t ,  an add i t i ona l  phase d i f fe rence  w i l l  be  

introduced which i s  analogous t o  t h e  Faraday r o t a t i o n  a t  high l a t i t u d e s .  I n  order  

t o  avoid confusion, t h e  term 'Faraday r o t a t i o n '  w i l l  be  avoided as f a r  as poss ib le  

i n  t h i s  r epo r t  h e r e a f t e r  and ins tead  i t  w i l l  be r e f e r r e d  t o  as "phase difference". 

However at times f o r  convenience sake,  t h e  term Faraday r o t a t i o n  i s  used and it 

should be understood as t h e  phase d i f f e rence  between t h e  ordinary and extra- 

ordinary waves. 

The two main parameters der ived from t h e  d a t a  are d i f f e r e n t i a l  absorpt ion 

and t o t a l  r e l a t i v e  phase versus time after  launch o r  rocket  he igh t .  The s tand-  

ing  wavelength a t  t h e  h igher  a l t i t u d e s  can a l s o  be  r ead i ly  obtained versus time 

af ter  launch. Other parameters include t h e  he ight  a t  which t h e  f irst  ex t raord i-  

nary r e f l e c t i o n  occurs ,  t he  height  a t  which t h e  ordinary r e f l e c t i o n  takes p l ace  

and t h e  height  a t  which t h e  second ext raord inary  r e f l e c t i o n  (Z- trace) occurs .  

The manual method o f  e x t r a c t i n g  t h e  d i f f e r e n t i a l  absorpt ion cons i s t s  o f  sub- 

t r a c t i n g  t h e  instantaneous dB readings o f  t h e  RF waveguide-beyond-cut- o f f  --- .. 

a t t enua to r s  a t  given i n t e r v a l s  of  time. Immediately before  each rocket  f i r i n g ,  
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as p a r t  of t h e  countdown 

b r a t i o n  i s  made of  each RF a t t e n u a t o r .  The c a l i b r a t i o n  cons i s t s  of manually 

s e t t i n g  each a t t e n u a t o r  by 10 dB s t e p s  and recording t h e  audio output  vol tage  

of t h e  coupled l i n e a r  potent iometers .  

a t t enua t ion  i n  dB versus audio vo l t age ,  

and ordinary a t t enua t ion  can be then  obtained from t h e  d a t a  i n  dB readings from 

t h e  c a l i b r a t i o n  c h a r t .  The d i f f e r e n c e  i n  t h e  dB readings i s  t h e  uncorrected 

d i f f e r e n t i a l  absorpt ion .  

procedure, and again immediately a f ter  sp la sh ,  a C a l i -  

A s  a r e s u l t  a c h a r t  can be made of  RF 

The amplitudes of t h e  ext raordinary  

The Faraday r o t a t i o n  can be  ex t rac ted  by any of  t h r e e  methods. Each method 

uses t h e  fact  t h a t  t h e  rocket  r e c e i v e r  s i g n a l  contains t h e  frequency components 

(500 - + 2 f s  - + 2fF) Hz; where 500 Hz; r ep resen t s  t h e  d i f f e rence  frequency of 0-  

and x-waves, f 

Faraday r o t a t i o n  r a t e .  

i s  t h e  instantaneous rocket  s p i n  ra te  and fF i s  t h e  instantaneous 
S 

Also, t h e  magnetic aspect  sensor  s i g n a l  contains t h e  

frequency component - + f s ,  I n  t h e  s imples t  method, t h e  rocket  r ece ive r  s i g n a l  

i s  ,multipl’ied with t h e  500 Hz r e fe rence  s i g n a l  t o  g e t  t h e  d i f f e rence  fre- 

quency - + 2fs  

i zed  antenna i s  used i n  t h e  payload, t h e  rocket  s p i n  rate is  not  included i n  

f F ,  However, f o r  t h e  e q u a t o r i a l  s h o t ,  s i n c e  a c i r c u l a r l y  po la r-  

t h e  rocket  r e c e i v e r  output  s i g n a l .  A s  such, i n  t h i s  case when t h e  rocket  re-  

ce ive r  s i g n a l  i s  multipl’ied with 500 Hz r e fe rence  s i g n a l ,  t h e  r e s u l t a n t  is  

- + 2 f F .  

A second, more laborious method i s  t o  count t h e  ind iv idua l  cycles  of t h e  

rocket  r ece ive r  s i g n a l  up t o  a p a r t i c u l a r  t i m e  T and s u b s t r a c t  t h e  t o t a l  number 

of cycles  of t h e  500 Hz and twice t h e  t o t a l  number of  cycles  of  t h e  magnetic 

aspect  sensor s i g n a l  - + fs ( for  non-equatorial  sho t s  only) which leaves 2 1  fF  d t .  
T 

0 
The t h i r d  method i s  t h e  most laborious but  gives Faraday r o t a t i o n  t o  

r e so lu t ions  of about one degree.  This i s  done by a Faraday r o t a t i o n  d a t a  processor  

developed by t h e  CoordinPted Sciences Laboratory (Gooch -- e t  a l . ,  1966) which 

e 1 ’* 
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automatical ly e x t r a c t s  t h e  accumulated Faraday r o t a t i o n .  

moving t h e  accumulated r o l l  phase component and t h e  accumulated phase due t o  

This i s  done by re- 

t h e  x- and o-wave d i f f e r e n c e  frequency of 500 Hz from t h e  composite rocket  

r ece ive r  s i g n a l .  However, f o r  t h e  equa to r i a l  s h o t ,  t h e  des i r ed  accumulated 

Faraday r o t a t i o n  i s  obtained by simply removing t h e  500 Hz; d i f f e r e n c e  frequency 

of t h e  0- and x-waves from t h e  composite rocket  r e c e i v e r  s i g n a l .  The block d ia-  

gram of  such a s impl i f i ed  system as was used f o r  t h e  equa to r i a l  sho t  (14.228) 

is  given i n  Figure 2.14. The x- and o-wave d i f f e r e n c e  frequency s i g n a l  i s  fed 

t o  a mechanical phase s h i f t e r  which has a servo dr iven  s h a f t  input  corresponding 

t o  Faraday r o t a t i o n  angle.  

s i g n a l  phase changes with r e spec t  t o  t h e  reference  phase, producing a po la r i zed  

I n  t h e  event of Faraday r o t a t i o n ,  t h e  rocket  r e c e i v e r  

output  from t h e  c o r r e l a t i o n  phase d e t e c t o r .  

which causes t h e  servo t o  t u r n  t h e  mechanical phase s h i f t e r  by an amount neces-  

sa ry  t o  br ing  t h e  rocket  r e c e i v e r  and reference  phase again t o  t h e  o r i g i n a l  90' 

This output  i s  a servo  e r r o r  s i g n a l  

d i f f e rence .  

a h e l i p o t .  

The servo s h a f t  p o s i t i o n  i n d i c a t e s  Faraday r o t a t i o n  and i s  read by 

A d e t a i l e d  d e s c r i p t i o n  of t h e  processor  may be found i n  t h e  CSL 

r e p o r t  by Gooch -- e t  a l .  

2.6 Discussion 

(1966) ~ 

The propagation experimental s e tup ,  as o r i g i n a l l y  developed i s  designed 

f o r  considerable f l e x i b i l i t y  i n  opera t ion .  

i t  w i l l  be used only f o r  equa to r i a l  launchings, t h e  experimental s e tup  might 

be s impl i f i ed  considerably.  For example, t h e  power d i v i d e r  and phase s h i f t e r  

However, i f  a decis ion  i s  made t h a t  

networks, which were o r i g i n a l l y  used f o r  obta in ing  c i r c u l a r  p o l a r i z a t i o n s ,  can 

be a l t o g e t h e r  avoided. The only e s s e n t i a l  i t e m  i s  t h a t  t h e  t r ansmi t t ing  antennas 

should be along t h e  magnetic N-S and E-W d i r e c t i o n s .  

be given f o r  a d j u s t i n g  t h e  r ece iv ing  antenna f o r  c i r c u l a r  p o l a r i z a t i o n  as 

accura te ly  as p o s s i b l e ,  Otherwise some complications w i l l  come i n ,  while  
1 

%oreover, emphasis should 
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reducing t h e  Faraday r o t a t i o n  d a t a .  As w i l l  be  shown i n  t h e  la ter  chapte rs ,  

t h e  observed d i f f e r e n t i a l  absorpt ion and Faraday r o t a t i o n  aye small a t  t h e  

equator when compared t o  high l a t i t u d e s ,  

given t o  improve t h e  p re sen t  se tup  s o  t h a t  t he se  parameters could be  measured 

more accu ra t e ly .  

Therefore,  some thought should be  

1 

b 
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3. METHODS OF DATA ANALYSIS 

3 .1  In t roduct ion  

I n  t h i s  chapter  t h e  Appleton-Hartree equation f o r  t h e  complex index of 

r e f r a c t i o n  f o r  t h e  propagation o f  an electromagnetic  wave i n  a magnetoionic 

medium w i l l  be presented .  Then a p a r t i c u l a r  case which i s  known as quasi-  

t r ansve r se  approximation t o  t h e  general  equat ion w i l l  b e  discussed.  Following 

t h i s ,  equations w i l l  be derived f o r  obta in ing  e l e c t r o n  d e n s i t i e s  and c o l l i s i o n  

frequencies from t h e  measured d i f f e r e n t i a l  absorpt ion and Faraday r o t a t i o n  values 

a t  t h e  equator .  Equations f o r  analyzing t h e  s tanding wave p a t t e r n  are a l s o  de- 

r i v e d .  

3.2 Appleton-Hartree Equati on and t h e  Approximations 

The Appleton-Hartree equat ions ,  which g ive  t h e  complex index of  r e f r a c t i o n  

and t h e  p o l a r i z a t i o n  f o r  a (weak) p lane  electromagnetic  wave propagating i n  a 

homogeneous, absorbing,  ionized  gas i n  t h e  presence o f  a cons tant ,  e x t e r n a l  

magnetic f i e l d  i s  

and 

2 (1-X-jZ) 

where 

2 2 Ne2 - 1 
~m 2 x = w N / w  = - 

o w  

eB Y = w / w = -  H mw 
J 
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eBL YL = W L / 0  = - mw 

eBT YT = " T / w  = mw 

z = v/w 

w = angular  frequency of t h e  propagating r ad io  wave 

N = e l ec t ron  dens i t y  of  t h e  medium 

e = absolute  va lue  of e l e c t r o n  charge 

m = e l ec t ron  mass 

E = p e r m i t t i v i t y  of  f r e e  space 

B = ea r th ' smagne t i c  f l u x  dens i t y  

BL = component of  t h e  e a r t h ' s  magnetic f l u x  dens i ty  along t h e  

0 

ray path 

B = component of t h e  e a r t h ' s  magnetic f l u x  densiTy perpendicular  T 

t o  t h e  ray  path 

v = e f f e c t i v e  c o l l i s i o n  frequency of e l ec t ron  with o t h e r  

cons t i t uen t s  of t h e  medium. 

These equations include t h e  e f f e c t s  of t h e  e l ec t rons  only and do0 not take i n t o  

account t h e  presence of  heavy p a r t i c l e s  except through c o l l i s i o n s  of n e u t r a l  

p a r t i c l e s  with t he  e l ec t rons .  

v a l i d  only f o r  a homogeneous medium, it i s  a l s o  s u f f i c i e n t l y  co r r ec t  f o r  app l i -  

ca t i on  t o  slowly varying media, t h a t  is where t he  change of r e f r a c t i v e  index as 

given he re  i s  small  i n  a d i s t ance  o f  one vacuum wavelength (of  t h e  i nc iden t  

r ad i a t i on )  divided by ZIT. 

Although t h e  Appleton-Hartree equat ion is s t r i c t l y  

I n  applying these  equations t o  problems of propagation through the  iono- 

sphere  i t  is convenient t o  make use  o f  two approximations, one of which appl ies  

where waves a r e  propagated s u f f i c i e n t l y  nea r ly  along t h e  d i r e c t i o n  o f  t he  imposed 
1 
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field and the other when they are propagated sufficiently nearly perpendicular 

to it. They are called the quasi-longitudinal (QL) and the quasi-transverse 

(QT) approximations, and the conditions for which they hold are: 

In this section the circumstances under which these approximations are valid 

will be discussed with special emphasis on the quasi-transverse approximation. 

Under these two conditions Equations (3.1) and (3.2) assume the following 

approximate forms 

R I + j  QL - 

1 

ir 

(3.10) 
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The quasi-transverse expression where the upper sign is used is derived as 

follows. From Equation (3.1) 

(3.12) 

which with the conditions of the quasi-transverse approximation, gives 

2 2  = 1 - X/[1 - j Z  + (1 - X - j Z )  (YL/YT)] 

= 1 - X/[I - j z  + (1 - X - j z )  cot 2 e]  (3.13) 

where 8 is the angle between the wave normal and the imposed magnetic field. 

The expression f o r  R show that when the quasi-longitudinal approximation is valid 

the two characteristic waves are circularly polarized and when the quasi-trans- 

verse approximation is valid they are linearly polarized along the principal 

directions. 

The conditions for  the two approximations 

4 2 << 2 
'Tl4'L >> (1 - X - j Z )  (3.14) 
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may be w r i t t e n  as 
2 
c << 
2 >> 

2 w 
( 1  - x)2  t. z - 

w 

s i n c e  

where 

1 2 f = - s i n  e/cos e . 8 2  

(3.15) 

Now denoting wg.f(8) as wc we have equation (3.15).  

d i t i o n s  depend not  only on t h e  gyrofrequency 

ga t ion ,  but  a l s o  on t h e  magnitudes of X and Z .  

wave can be  discussed i n  terms of t h e  quas i- longi tudinal  approximation i s  no t ,  

t he re fo re ,  simply a ques t ion  of how nea r ly  t h e  d i r e c t i o n  of  propagation coincides 

with t h e  d i r e c t i o n  of t h e  appl ied  f i e l d ,  but  depends a l s o  on t h e  e l e c t r o n  dens i ty  

and t h e  c o l l i s i o n  frequency. 

by Ratcliffe (1962). 

I t  w i l l  be seen t h a t  t h e  con- 

(wH) and t h e  angle  (e)  of  propa- 

The ques t ion  of  whether a given 

These approximations have been discussed i n  d e t a i l  

If Z i s  taken as cons tant ,  and X is allowed t o  vary ,  t h e  condi t ion  f o r  t h e  

quas i- longi tudinal  approximation i s  most l i k e l y  t o  break down when X = 1, and 

i f  it i s  t o  hold even then w e  must have 

(3.16) 

o r  

J 
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If this condition applies at X = 1 then the quasi-longitudinal approximation 

can be used for all values of X. 

imposed field and the direction of propagation the condition is very simple. 

Since wc depends only on the strength of the 

When numerical cases are considered it is a reasonably good approximation 

to assume that the inequalities in Equation (3.16) are satisfied i f  the larger 

quantity is nine times the smaller, so that the two approximations require: 

and 
1 
3 c  v < - Iw 

or Z > 3Y 

1 
3 or Z < -Y 

f o r  QL at X = 1 

for QT at X = 1 , 

(3.17) 

(3.18) 

1 
3 c  If v < -1w I the quasi-transverse approximation i s  appropriate when X = 1; 

it is now necessary to investigate the range of X, near X = 1, fQr which it also 

holds. 

can be written 

1 
3 c  When v < -1w I ,  Equation (3.15) for the quasi-transverse approximation 

- x ) 2  (3.19) 

which is equivalent to 

yIf(0)I 31(1 - X I I  

This expression then determines the range of values of X, near X = 1, for which 

the quasi-transverse approximation is appropraite when v < -1w I .  1 
3 c  

1 
3 c  Even if v < - - (w I ,  so that the quasi-transverse approximation holds near 

X = 1, the quasi-longitudinal approximation may hold for other values of X .  
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The latter will hold, whatever the value of v ,  provided 

1 
Ylf(e>l< $1 - al . (3.21) 

It is important to find the condition which makes the quasi-longitudinal 
1 2 
2 approximation hold when X = 1 + YL. 

written for f ( 0 )  , becomes 

Then the above equation, with -sin 0/cose - 

or 

or 

2 2 tan 0 < - 3 

0 < 40" . 

(3.22) 

(3.23) 

Provided 8 < 40° it is thus always safe to assume that the quasi-longitudinal 

approximation is valid when X = 1 - + YL. 

If the quasi-transverse approximation were to be valid when X = 1 - + YL, 

would require tan2 0 > 6 or 0 > 68'. 

small and Z is significant, the region in which the quasi-transverse approxi- 

mation holds, is considerably less. 

a later chapter. 

3.3 The Quasi-Transverse - Approximation 

However at low altitudes, where X is 

This aspect will be taken up in detail in 

As long as the direction of  the propagating wave does not deviate from the 

normal to the magnetic field by more than a few degrees i .e. O g 9 0 ° ,  not only 

the quasi-transverse approximation is valid but also the term containing cos2 0 

in Equation ( 3 . 7 )  may be neglected. The equations for the refractive index 
1 
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of ordinary wave a r e  then given as: 

n 2 = 1 . . -  X 
0 1 - j Z  * 

(3 .24)  

The r e f r a c t i v e  index fo r  t h e  ex t raord inary  wave i s  given as: 

2 X 
2 1 - j Z - Y ,  

n = 1 -  
X ( 3 . 2 5 )  

1 - X- j Z  

To inves t i ga t e  t h e  absorpt ion and phase v a r i a t i o n ,  t h e  complex r e f r a c t i v e  index 

i s  w r i t t e n  as 

n = u -  j x  . 

Therefore Equation ( 3 . 2 4 )  may be  w r i t t e n  as 

2 2 X n = (po- jxo)  = 1 - - 
0 1 - j Z  

( 3 . 2 6 )  

(3 .27)  

To ob ta in  s epa ra t e  eauat ions  f o r  1.1 and xo, t h e  real and imaginary p a r t s  must 

be separated i n  t h e  r i g h t  hand s i d e  of  t h e  above equat ion and must be equated 

0 

t o  those on t h e  l e f t  hand s i d e .  

Now 

X (  1+j Z )  

l+z  
= I -  

2 

X xz 
l + z  l + z  

= I - - -  
2 j - 7 -  

1 = a - j b  say ( 3 . 2 8 )  



46 

where 

xz 
l + z  

b = -  
2 

From Equat'ion (3.28) we have 

(3.29) 

2 2 - j 2 u x = a -  j b  . 
Po  - xo 

Equating t h e  r e a l  and imaginary p a r t s  of  both s i d e s  of t h e  above equation we 

have 

(3.30) 

From t h i s ,  it can be w r i t t e n  t h a t  

L 

Equation (3.31) can f u r t h e r  be s impl i f i ed  i n  t h e  fol lowing manner 

(3.31) 

(3.32) 

(3 Q 33) 

Since b contains XZ i n  t h e  numerator, b < a; s o  t h e  above equation may be  
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simplified as 

!J b 2 1/2 
4 7) 

9 112 = a  ( l + -  
a 

I 1/2 1 b2 p o 7 a  ( I + -  8 7 )  * a 
(3 .34)  

2 
In the above equation the term (1 + 1 %) may be called the correction factor 
which if at all is effective, it is only close to X = 1. So for all practical 

* a  

purposes the above equation may be written as 

From Equation (3 .32)  we have 
1/ 2 

xo - 2 

1 xz c1+z2y2 
- i?? 1+z (l-X+Z ) 2 1/2 

- 
2 

= -  - . 1  b 

1 xz - 
2 1/2 . - -  

xo [ (1+Z2) (1-x+z ) ]  

(3 .35)  

(3 .36)  
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Now for t he  ex t raord inary  wave using Equation (3 .25)  w e  have 

2 X 
2 1 - j Z  - YT 

- jxx) = 1 - 2 
n = (vx X 

1 - X - j Z  

X (1-X-jZ) 
2 (1-jZ) (1-X-jZ)-YT 

= I -  2 (u - j x,) 

X (1-X-jZ) 
2 2  (1-X-Z -.YT) - jZ (2-X) 

2 2  

2 2 

x ( l -x - j z )  [(l-x-YT-Z ) + jZ (2-X)] 
= I -  

(l-X-Y;-z2)2 * z (2-X) 

2 2  2 x (1-X) (1-x-z 'YT) * xz (2-X) 2 
(ux-jxx) = 1 - 

(l-x-z2-Y;)2 + z 2 (2-X) 2 

when 2 2  2 x (1-X) (1-x-z -YT) + xz 
2 2 2 + z 2  (2-X) (1-x-z -YT) 

(2-X) 1 a = 1 -  

and 

xz { (1-X)2 + z 
(1-x-z -YT) + z 2  (2-x)2 

b1 = 

Now 2 2 - j 2pxx, = a 1 - j b 1 e ux - xx 

(3 .37)  

( 3 . 3 8 )  

( 3 . 3 9 )  

d 
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From t h i s  it can be w r i t t e n  t h a t  

and 

Theref o re  

and 

1 = a  2 2 
1.1, - xx 

1 = b  2% xx 

(3 .40)  

x (1-X) (l-x-YT-z 2 2  ) + xz 2 (2-X) 

(1-x-Y2-z2)2 + z 2 (2-X) 2 
T 

1 / 2  

1 b1 

- 1 xz 1 (1-x)2 + z2 + Y;} 
2 

I 

(1-x-z2-Y:)2 + z 2 (2-x)2 
- 1 - 

xx 11 - x (1-X) (1-x-z 2 2  -YT) + xz 2 (2-X) ) 1 / 2  

I (1-x-z2-Y2)2 + z 2 (2-x)2 1 T 

(3.41) 

(3.42) 

3 . 4  Electron Oensity from Phase Difference "easurements 

If t h e  two modes of  propagation,  v i z .  ordinary (0-wave) and ex t raord inary  

(x-wave) t r a v e l  along t h e  same ray  pa th ,  t h e  phase d i f f e r ence ,  A 4, between 

t h e  two modes i n  t r a v e l i n g  a d i s t ance  A S ,  is  given by t h e  equat ion 

(3 .43)  
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So t h e  r a t e  of change of  phase d i f f e r ence  may be expressed as  

(3 .44)  

where A i s  t h e  propagation wavelength i n  f r e e  space. 
0 

Using Equation (3 .34)  and (3.41) from t h e  previous s ec t i on  we have 

. (3 .45)  

2 2  2 1 / 2  x (1-X) (l-xvYT-z ) + xz (2-X) 

'0 - 'k l + z  (l-x-Y;-z2)2 + z 2 (2-X) 2 

2 
For a l t i t u d e s  above 75 km, where v << w o r  Z << 1, t h e  terms containing Z may 

be neglected.  This s i m p l i f i e s  t h e  above equation t o  

This may be r ewr i t t en  as 

Squaring on both s ides  we have 

i . e .  

(3 .47)  

c 
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Again by squaring both  s i d e s  

2 2 xz Y; 2v + Y, 
+ v2 + 2 

y;?. 1 - x -  2 2- 4v [LX) = 
(1  -x-Y,) 

4 Since Y, < 1, t h e  term conta in ing  YT may be neglected 

2 2 4 2 2 2  
,', 4 8  (1-X) (1-x-Y,) = v (1-x-Y,) + 2v XY, 

By s i m p l i f i c a t i o n ,  t h i s  can be w r i t t e n  as a quadra t i c  funct ion  i n  X 

2 2  2 2 4X2 - X(8-2YT-V ) + (1-Y,) (4-0 ) = 0 . 

(8-2YT-V ) +fll,(8-2Y;-V2)2 - 16 (1-YT) 2 2 2  /* (4-V 2 ) 
Theref ore 

- 
X =  

8 

16 (1-Y,) 2 (4-V 

From Equation (3.44) we have 

d s  
d t  From t h e  rocket  t r a j e c t o r y ,  -may be expressed as 

ds - = V cosec 8 d t  Z 

(3.48) 

(3.49) 

(3.50) 

(3.51) 

(3.52) 

(3.53) 

J 
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where Vz i s  t h e  ve loc i ty  of t h e  rocket  i n  t h e  Z-direct ion and 0 i s  t h e  e l eva t ion  

angle.  Therefore 

(3.54) 

So using t h i s  value of  V i n  Equation (3.51) and since X is  defined as equal t o  

, t he  e l e c t r o n  dens i ty  N can be computed as a funct ion  of a l t i t u d e .  NeL 

E mu 2 
0 

3.5 Electron Co l l i s ion  Frequency from D i f f e r e n t i a l  Absorption 

Differential  absorpt ion has been defined as t h e  d i f f e r e n c e  i n  absorpt ion 

between t h e  two propagated waves, namely the  ordinary and ext raordinary ,  and i s  

expressed i n  nepers by, 

Z 

In  A = J (x, - xo) dS 
0 

A O  

(3.55) 

wherex and xo are given by Equation (3.42) and (3.36).  The rate  of  change of  

d i f f e r e n t i a l  absorpt ion i s  thus given as 

X 

d(DA) 2~ ds 
- = -  - (xx - xo) d t  ho 

From Equations (3.42) and (3.36) it can be w r i t t e n  t h a t  

(3.56) 
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1 
7r xz 

-- - - xx - xo - X(1 - X)(1 - x - z2 - YT) 2 + xz 2 (2 - x ) r / z  - 
( 1  - x - z 2 - Y y  f z 2 (2  - Y p  t l- 

2 Since above 75 km, Z << 1, t h e  terms containing Z may be neglected,  s o  t h a t  

t h e  above equation becomes 

1 xx - xo = z xz I . _  (3.58) 

Now X which is a funct ion  of  t h e  e l e c t r o n  dens i ty  IN)  is obtained from t h e  phase 

d i f f e rence  measurements and t h e  ra te  of d i f f e r e n t i a l  absorpt ion can be computed 

from the  obtained d i f f e r e n t i a l  absorpt ion  d a t a  as a funct ion  of a l t i t u d e .  So 

using t h e s e  values i n  Equation (3.58),  Z, which i s  a funct ion  of c o l l i s i o n  fre- 

quency, v ( Z  = -), i s  obtained at d i f f e r e n t  a l t i t u d e s ,  

3 . 6  Standing Wave Analysis 

V 

w 

The phase d i f f e rence  and d i f f e r e n t i a l  absorpt ion measurements can only be 

obtained below t h e  ext raordinary  r e f l e c t i o n  he igh t .  

u se fu l  i n  obta in ing  t h e  e l e c t r o n  d e n s i t i e s  up t o  t h i s  po in t ,  though usua l ly  t h e  

rocket  goes much f u r t h e r  than t h i s  a l t i t u d e .  

above t h e  ext raordinary  r e f l e c t i o n  po in t  a t  X = 1, interferes  with t h e  oncoming 

ordinary wave and forms a s tanding wave p a t t e r n .  From a c a r e f u l  ana lys i s  of t h i s  

s tanding wave p a t t e r n ,  it i s  poss ib le  t o  ob ta in  t h e  ordinary phase r e f r a c t i v e  

Thus these  methods are only 

The ordinary  wave which is  r e f l e c t e d  

1 
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Figure 3.1 Geometry for the computation of path difference from rocket 
trajectory (after Salah and Bowhill, 1966). 
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index, and the re fo re  t h e  e l e c t r o n  d e n s i t y ,  F i r s t l y  an i s o t r o p i c ,  ho r i zon ta l ly  

s t r a t i f i e d  medium is assumed and t h e  effect of t h e  curvature  of t h e  e a r t h  i s  

neglected.  Figure 3.1 shows t h e  geometry of t h e  d i r e c t  and r e f l e c t e d  waves i n t e r -  

f e r i n g  a t  t h e  rocket .  

frequency and t h e  ionospheric  condi t ions .  

he ight  was i n  t h e  F-region. 

The ordinary  r e f l e c t i o n  he ight  depends on t h e  opera t ing  

For most of t h e  sho t s  t h i s  r e f l e c t i o n  

Since t h e  wave i s  r e f l e c t e d  a t  an angle equal t o  t h e  incidence angle,  t h e  

r e f l e c t e d  wave may be assumed t o  have o r ig ina ted  a t  a mir ror  po in t  I a t  an 

a l t i t u d e  of 2h. Then by cos ine  law, 

a2 = 4h2 + (SR)2 - 4h(SR) Sin  (EL) (3.59) 

where SR and EL a r e  t h e  s l a n t  range and e l eva t ion  angle  of the  rocket  r e spec t ive ly  

and are given by t h e  r ada r  t r a j e c t o r y .  Now t h e  rate o f  change of path d i f f e r e n c e  

between t h e  d i r e c t  and r e f l e c t e d  waves i s  given as 

d(path d i f f e rence )  , -  - d(SR) - da 
d t  d t  

By d i f f e r e n t i a t i n g  Equation (3.59) with respect  t o  time it may be w r i t t e n  

2h 
1 + - s i n  (EL)} ] ~ S R  , d t  c1 d t  

(3.60) 

(3.61) 

So the  number of cycles  per  second of  t h e  s tanding wave p a t t e r n  is  given as 

d(path  d i f f e rence )  No. of  cycles  per  second = 
d t  

(3.62) 
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where X i s  t h e  wavelength of  t h e  r a d i o  wave, 

met r ic  (ca lcu la ted  from the  above equation) cycles  p e r  second gives t h e  ordinary 

phase r e f r a c t i v e  index 1.1,. 

Now t h e  r a t i o  of actual t o  geo- 
0 

However po is  a funct ion of  X as given by equat ion 

(3.35) as 

1.1, ={I - X i}1’2 . 
l + z  

(3.63) 

2 Since Z << 1, Z can be neglected i n  t h e  above equation and can be w r i t t e n  as 

2 - Ne2 1 
1.10) - Em w x =  ( 1 -  

0 

(3.64) 

N = 1.24 x 10 -8 f 2 ( 1  - V0) 2 (3.65) 

where E is t h e  operat ing frequency given i n  MHz s o  by counting t h e  number of 

cycles  per  second of  t h e  s tanding  wave p a t t e r n ,  it i s  pos s ib l e  t o  ob ta in  t h e  

e l e c t r o n  d e n s i t i e s .  

3 .7  Summary and Discussion 

Out of t h e  t h r e e  methods of  obtaining t h e  e l ec t ron  d e n s i t i e s  as descr ibed 

e a r l i e r ,  t he  Farachy r o t a t i o n  method is t h e  mst accurate  and unambiguous. 

i s  because it is  poss ib l e  t o  measure Faraday r o t a t i o n  t o  an accuracy of lo and 

This 

t h e  Faraday r o t a t i o n  i s  propor t iona l  t o  t h e  e l ec t ron  dens i ty .  

t h e  Faraday r o t a t i o n  and d i f f e r e n t i a l  absorpt ion measurements, t h e  c o l l i s i o n  

By u t i l i z i n g  both 

frequency model can be obtained. 

ments thus  depends on t h e  accuracy o f  t h e  d i f f e r e n t i a l  absorpt ion measurements. 

The accuracy of  t h e  c o l l i s i o n  frequency measure- 

Above t h e  ex t raord inary  r e f l e c t i o n  p o i n t ,  t h e  s tanding  wave ana lys i s  i s  t h e  only 

way o f  obtaining t h e  e l ec t ron  d e n s i t i e s .  The accuracy of measurement of e l ec t ron  

c 
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d e n s i t i e s  by t h i s  method depends on how accura te ly  one can measure t h e  wavelength 

of  t h e  s tanding wave p a t t e r n .  

The f i n e  s t r u c t u r e  of  t h e  e l e c t r o n  densi ty  p r o f i l e s  is  usua l ly  provided by 

t h e  DC probe measurements of  e l e c t r o n  cur ren t .  

measurements of e l e c t r o n  d e n s i t i e s  possess absolute  accuracy, y e t  they lack 

t h e  good height  r e s o l u t i o n  c h a r a c t e r i s t i c  of t h e  DCprobe. 

b in ing  both t h e s e  measurements, a f i n a l  e l e c t r o n  dens i ty  p r o f i l e  can be  obtained 

which possesses t h e  accuracy of t h e  r a d i o  propagation technique and t h e  good 

height  r e s o l u t i o n  of t h e  DC probe. 

Although t h e  r a d i o  propagation 

Therefore, by com- 
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4 .  RESULTS OF AN EQUATORIAL ROCKET RADIO PROPAGATION-EXPERIMENT 

4.1 In t roduct ion  

As p a r t  o f  t h e  United S t a t e s '  program f o r  the  In te rna t iona l  Quiet Sun Years, 

Univers i ty  of I l l i n o i s  i n  cooperat ion with t h e  GCA Corporation p a r t i c i p a t e d  i n  

t h e  National Aeronautics and Space Administration Mobile Launch Expedition which 

was i n i t i a t e d  t o  s tudy t h e  l a t i t u d e  behavior of t h e  lower ionosphere during t h e  

IQSY. Five rockets  were launched i n  March and Apri l  1965 from t h e  aircraft 

carr ier  USNS Croatan i n  a l a t i t u d e  zone ranging from t h e  equator  t o  60's along 

t h e  west coas t  of South America. This  was t h e  first  of  t h e  rocket  series,  launched 

c lose  t o  magnetic equator  (Lat .  12' 00's;  78' OO'W) on March 20,  1965 a t  

0820:09 EST, which corresponds t o  a s o l a r  zeni th  angle of  59'. The payload 

c a r r i e d  various experiments, two of which measured t h e  e l e c t r o n  dens i ty :  a r ad io  

propagation experiment from t h e  Univers i ty  o f  I l l i n o i s  and a DC probe instrumented 

by GCA Corporation. The opera t ing  frequency of t h e  propagation experiment was 

3.385 MHz. 

from a l l  experiments,  

The rocket  reached an apogee of 174 km and good d a t a  was obtained 

The major problem i n  analyzing t h i s  shot  was t h a t  t h e  r ece ive r  output  channel 

was swamped with noise .  

a broadcast ing s t a t i o n  which might be opera t ing  a t  t h e  same frequency c lose  t o  

t h e  launch s i t e .  The rece ive r  output  was very noisy upto T 

being t h e  launch time and improved abrupt ly  from t h a t  time due t o  some unknown 

reason as shown i n  Figure 4.1.  

4.2 D i f f e r e n t i a l  Absorption Data 

I t  has been found t h a t  t h i s  was due t o  i n t e r f e r e n c e  of  

+ 78 seconds, To 
0 

Figure 4.2 shows t h e  v a r i a t i o n  of ext raordinary  power with time a f t e r  launch. 

The v a r i a t i o n  is  r a t h e r  e r ra t ic ,  which i s  understandable i n  view of  t h e  fact t h a t  

t h e  r ece ive r  output i s  noisy ,  However, some regular  inc rease  i s  not iced  s t a r t i n g  
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Figure 4.5 Typical s tanding wave p a t t e r n  
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from 65 sec a f t e r  launch. The abrupt inc rease  i n  ext raordinary  power between 

81 and 81.5 sec after  launch i s  due t o  corresponding inc rease  i n  t h e  ordinary 

power and as  such it does not  denote genuine d i f f e r e n t i a l  absorpt ion.  S ince ,  

as already mentioned, t h e  r e c e i v e r  output  i s  noisy,  t h e  d i f f e r e n t i a l  absorpt ion  

d a t a  should be used r a t h e r  caut ious ly .  

4 .3  Phase Difference Data 

Due t o  broadcast  i n t e r f e r e n c e  and t h e  imperfect  c i r c u l a r i t y  of t h e  rocket  

rece iv ing  antenna, some d i f f i c u l t y  has been encountered i n  t h e  e x t r a c t i o n  of  

t h e  phase d i f f e r e n c e  (P.D.) d a t a  from t h e  rocket  r e c e i v e r  output .  A number 

of runs have been made with heavy f i l t e r i n g  i n  t h e  r e c e i v e r  output  channel and 

it has been c o n s i s t e n t l y  observed t h a t  t h e  phase d i f f e r e n c e  did no t  change much 

up t o  70 sec af ter  launch and then  increased  suddenly by 2975' i n  an a l t i t u d e  

range of 1 . 7  km as shown i n  Figure 4.3. 

ence wi th in  a s h o r t  time cannot be  accounted f o r  by normal ion iza t ion .  So i f  

t h i s  phase d i f f e r e n c e  were t o  be  genuine, some agency o t h e r  than t h e  normal 

i o n i z a t i o n  should have been respons ib le  f o r  t h i s .  

Such an unusual ly l a rge  phase d i f f e r -  

Now, i f  t h e  presence of such 

an agency i s  assumed t o  be p resen t  a t  t h i s  a l t i t u d e  range, i t  is reasonable t o  

expect a similar effect during descent  a l s o .  

was a l s o  processed f o r  phase d i f f e r e n c e  and as shown i n  Figure  4.4, it is  c l e a r l y  

not iced  t h a t  s t a r t i n g  a t  a he igh t  of 95.8 km a r o t a t i o n  of  4320' has taken p lace  

The rocket  d a t a  during descent  

wi th in  an a l t i t u d e  range of 3.6 km. 

used f o r  deducing t h e  e l e c t r o n  dens i ty  p r o f i l e  and t h e  probable reasons f o r  t h e  

So i t  is obvious t h a t  t h i s  d a t a  cannot be 

observed l a r g e  Faraday r o t a t i o n  w i l l  be discussed i n  a la ter  sec t ion .  

4.4 Standing Wave P a t t e r n  Analysis 

A t y p i c a l  s tanding wave p a t t e r n  obtained f o r  t h i s  s h o t  i s  shown i n  Figure 

4.5. By measuring t h e  wavelengths of  these  s tanding waves, t h e  observed numbers 

1 

e 
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of cycles p e r  second are computed f o r  d i f f e r e n t  times. Using t h e  t r a j e c t o r y  

d a t a  and Equation (3.62) of t h e  previous chapter ,  t he  number of  cycles t h a t  

should be observed a t  d i f f e r e n t  t i m e  i n t e r v a l s  are ca lcu la t ed  t h e o r e t i c a l l y .  

I n  Figure 4.6 are p l o t t e d  t h e  observed number of cycles  and t h e  number cal- 

cu la t ed  t h e o r e t i c a l l y  on t h e  b a s i s  of  free space  propagation.  The r a t i o  be- 

tween these  parameters gives t h e  r e f r a c t i v e  index 11; from which t h e  e l ec t ron  

dens i ty  can be ca lcu la t ed  using t h e  equation 

-8 2 2 N = 1.24 x 10 f ( 1  - 11 ) 

where f is t h e  opera t ing  frequency i n  H z .  

p r o f i l e  is  obtained i n  t h e  region 98-138 km. 

sho t s  where good d i f f e r e n t i a l  absorpt ion  and Faraday r o t a t i o n  d a t a  were obtained,  

t h a t  t h e  r a t i o  N / I  of t h e  e l e c t r o n  dens i ty  t o  t h e  e l e c t r o n  cu r ren t  does not  

change considerably from one sho t  t o  another .  

o t h e r  shot  (14.230) which was launched a t  about 16' magnetic l a t i t u d e  from t h e  

Carrier i s  used and using t h e  probe cu r ren t  obtained by t h e  DC probe f o r  t h e  

equa to r i a l  s h o t ,  t h e  e l e c t r o n  d e n s i t y  p r o f i l e  has been extended below 98 km 

(Figure 4.7) 

4 .5  Discussion 

From t h i s  method t h e  e l e c t r o n  dens i ty  
t 

I t  has been not iced  from o the r  

A s  such t h e  N / I  p r o f i l e  from an- 

To explore t h e  reason f o r  t h e  anomalous phase d i f f e r e n c e  and absorpt ion d a t a  

observed, t h e  e l ec t ron  dens i ty  p r o f i l e  of Figure 4.7 was used, assuming a s tandard  

c o l l i s i o n  frequency model, t o  determine t h e  d i f f e r e n t i a l  absorpt ion  and phase 

d i f f e rence  va lues ,  using t h e  Sen-Wyller (1960) theory .  In Figure 4.8 these  are 

compared with t h e  observed va lues  and 

i n  t h e  case o f  Faraday r o t a t i o n  da ta .  

t h e  most s t r i k i n g  discrepancy is  not iced  

So i f  t h i s  Faraday r o t a t i o n  was t o  be  

d 



genuine, some agency o the r  than t h e  normal i on iza t ion  should have been respon- 

s i b l e  f o r  t h i s ,  

t h e r e  i s  a s t rong  cu r ren t  system present  a t  E-region he ights  which i s  u s u a l l y  

r e fe r r ed  t o  as "e l ec t ro j e t " .  The fact t h a t  similar l a rge  phase d i f f e rence  is  

Now it i s  a w e l l  known fact t h a t  c l o s e  t o  t h e  magnetic equator ,  

a l s o  observed during descent  i n  approximately t h e  same a l t i t u d e  region,  seems 

t o  s u b s t a n t i a t e  t h e  po in t  t h a t  t h e  " e l e c t r o j e t"  might have been respons ib le  

f o r  t h e  observed la rge  Faraday r o t a t i o n  va lues .  

There are two poss ib l e  ways of conceiving how t h e  e l e c t r o j e t  could poss ib ly  

cause a l a r g e  r a t e  of change of phase d i f f e rence :  

(1) Kerr Effec t :  e lectromagnet ic  waves passing through a medium normal 

t o  t h e  e l e c t r i c  l i n e s  of fo rce  are s p l i t  i n t o  two l i n e a r l y  po la r i zed  

waves t r a v e l i n g  with t h e  v e l o c i t i e s  - and n - n r e spec t ive ly ,  where 

c is t h e  ve loc i ty  of l i g h t  and with t h e  e l e c t r i c  vec to r  v i b r a t i n g  

C C 

0 e 

perpendicular  and p a r a l l e l  t o  t h e  l i n e s  of fo rce .  The d i f f e rence  

i n  propagation v e l o c i t y  causes a phase d i f f e rence  6 between t h e  

two waves which, f o r  a r a d i a t i o n  of  wavelength h o ,  is 6 = (ne-no)X/Ao 

where X i s  t h e  length of t h e  r a d i a t i o n  path i n  t h e  medium, Kerr 
2 found empir ica l ly  t h a t  (ne-no) = ho BE 

s t r eng th  and B a constant  c h a r a c t e r i s t i c  of  t h e  material c a l l e d  t h e  

where E i s  t h e  e l e c t r i c  f i e l d  

"Kerr constant" . 

(2) I t  is w e l l  known t h a t  t h e  Faraday r o t a t i o n  of r a d i o  s i g n a l s  passing 

through an ionized medium is  propor t iona l  t o  B x NT where BL is  t h e  L 
magnetic f i e l d  i n  t h e  d i r e c t i o n  of  propagation and NT is  t h e  e l e c t r o n  

content  i n  the  medium. So changes i n  t h e  magnitude o r  d i r e c t i o n  of 

magnetic f i e l d  (BL) could cause changes i n  t h e  r e l a t i v e  phase, 

However by approximate c a l c u l a t i o n s ,  it is  r e a l i z e d  t h a t  t h e  observed l a r g e  

phase v a r i a t i o n s  couldlnot have been caused by e i t h e r  of t hese  two processes  
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mentioned above. Therefore t h i s  phase d i f f e r e n c e  might be  e i t h e r  due t o  changes 

i n  t h e  modes of  propagation a t  these  a l t i t u d e s  o r  might be  due t o  imperfect  

p o l a r i  zat ion  adjustments . 
4.6 Results  

ITn Figure 4.9 t h e  ionogram taken c lose  t o  t h e  launch time f o r  t h i s  shot  

i s  presented .  I n  t h i s  ionogram, t h e  presence of equa to r i a l  E s  i s  c l e a r l y  seen 

and t h i s  is usua l ly  c l a s s i f i e d  as q-type E s  denoted by Es-q. 

and Rawer (1961), Es-q i s  def ined  as an E s  t race which is  d i f f u s e  and non- 

According t o  Piggot t  
c 

blanket ing  o v e r ' a  wide frequency range. The spread is most pronounced a t  t h e  

upper edge of t h e  t r a c e .  (This type i s  common i n  daytime i n  t h e  v i c i n i t y  of t h e  

magnetic equator ) .  The t o p  frequency of  t h e  E s  trace (fEs-q) is  about 4.7 MHz 

which should correspond t o  an i o n i z a t i o n  of N = 1.24 x (fEs-q) x 10 i . e .  

2.74 x 10  

2 4 

5 electrons/cm3; but  no such e x t r a  i o n i z a t i o n  is seen i n  t h e  e l e c t r o n  

dens i ty  p r o f i l e  i n  t h e  he ight  range around 110 km where t h e  E s- q  i s  observed i n  

t h e  ionogram. This i n d i c a t e s  t h a t  t h e  e q u a t o r i a l  E s  might be only a manifes- 

t a t i o n  of t h e  e l e c t r o j e t ,  which i s  p resen t  a t  these  he igh t s .  The i o n i z a t i o n  

i n  t h i s  p r o f i l e  a t  110 km corresponds very w e l l  t o  t h e  c r i t i c a l  frequency of 

t h e  normal E-region ( 2 . 8  MHz) 

I t  has been suggested and t h e r e  i s  reason t o  b e l i e v e  t h a t  (Bowhill, 1966) 

t h e  d i f f u s e  xonblanket ing  E s  might be  due t o  s c a t t e r i n g  of  r a d i o  waves from 

small scale i r r e g u l a B t i e s  present  a t  E-region a l t i t u d e s  a For t h i s  reason,  

t h e  DCprobe cu r ren t  i s  recorded on an expanded scale as shown i n  Figure 4.10 

i n  order  t o  i n v e s t i g a t e  t h e  presence o f  any i r r e g u l a r i t i e s .  Indeed t h e  ex i s-  

t ence  of such i r r e g u l a r i t i e s  is  c l e a r l y  not iced  i n  t h e  a l t i t u d e  region o f  

90-100 km. 

10% of t h e  l o c a l  plasma dens i ty .  

They have a s p a t i a l  per iod  of 80 meters and an amplitude of  about 
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This launching c lo se  t o  t h e  magnetic equator (14.228) has  been one o f  t h e  

series o f  launchings from an a i r c r a f t  carrier  USNS Croatan as a part o f  t he  

NASA Mobile Launch Expedition.  

l a t i t u d e  s t a r t i n g  from t h e  magnetic equa tor .  A l l  t h e  rockets  were launched 

a t  t h e  same s o l a r  zen i th  angle of  60" i n  order  t o  e l imina te  d iu rna l  changes 

so t h a t  t h e  l a t i t u d e  v a r i a t i o n  of  t h e  lower ionosphere can be s tud ied .  The 

opera t ing  frequency of  t h e  propagation experiment was 3 .385  MHz f o r  a l l  t h e  

launchings.  

c a r r i e r  sho t s  ( including t h e  equa to r i a l  launching) a r e  presented f o r  comparison, 

A t  a f i r s t  g lance,  it is i n t e r e s t i n g  t o  no te  t h e  remarkable s i m i l a r i t y  between 

t h e  p r o f i l e  obtained a t  var ious  l a t i t u d e s  f o r  t h e  same s o l a r  zen i th  angle o f  60". 

A f u r t h e r  examination revea ls  t h a t  t h e r e  is  some l a t i t u d e  v a r i a t i o n  i n  t he  D- 

region r a t h e r  than i n  t h e  E-region. 

t h e r e  a r e  b a s i c  d i f f e r ences  between t r ansequa to r i a l  and middle l a t i t u d e  VLF 

propagation c h a r a c t e r i s t i c s .  

v a r i a t i o n  i n  t h e  daytime e l e c t r o n  dens i ty  grad ien t .  From Figure 4 .11  it can be 

e a s i l y  no t iced  t h a t  t h e  e l ec t ron  dens i ty  grad ien t  i n  t h e  90-100 km r e g i m  is  

g r e a t e r  f o r  t h e  equa to r i a l  sho t  when compared t o  o the r  p r o f i l e s .  

These rocke ts  were launched a t  every 16" 

I n  Figure 4 .11,  t h e  e l ec t ron  dens i t y  p r o f i l e s  obtained during t h e  

Chi l ton and Radice l la  (1965)have shown t h a t  

They suggest  t h a t  t he se  might be  due t o  l a t i t u d i n a l  

Blumle, -- e t  a l . ,  (1965) us ing  a two frequency r ad io  propagation experiment have 

obtained the  e l ec t ron  dens i t y  p r o f i l e  of t h e  lower ionosphere i n  t he  v i c i n i t y  of  

t h e  magnetic equator  a t  a s o l a r  zen i th  angle  of  12'. This i s  compared i n  Figure 

4.12 with t h e  p r o f i l e  obtained from t h e  equa to r i a l  sho t  (14.228) a t  t h e  so l a r  

zen i th  angle  o f  60". 

i n  t he  D- and E-regions i s  a func t ion  of  (cos x ) ~  where n is a cons tan t  and x 

I t  i s  well  known t h a t  e l e c t r o n  dens i ty  a t  a given a l t i t u d e  

i s  t h e  s o l a r  zen i th  

a l t i t u d e  of maximum 

t o t a l  nondeviative 

angle .  

e l e c t r o n  dens i t y  i n  t h e  E-region. 

absorp t ion ,  which i s  propor t iona l  t o  JNvdh, n has a value 

From t h e  simple Chapman theory,  n i s  0.5 at t h e  

However i n  t h e  case of 

1 
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o f  0 .75 .  From a study of  t h e  d iu rna l  v a r i a t i o n  of  absorpt ion ,  using ground- 

based experimental measurements i n  t h e  equa to r i a l  zone (Skinner,  1965), n is  

found t o  vary between 0.62 and 0.90. This i n d i c a t e s  t h a t  n might be d i f f e r e n t  

f o r  d i f f e r e n t  a l t i t u d e s .  

two p r o f i l e s  (Figure 4.12) obtained a t  approximately t h e  same geographic loca t ion  

To i n v e s t i g a t e  t h e  v a r i a t i o n  of n with a l t i t u d e ,  t h e  

f o r  d i f f e r e n t  s o l a r  zeni th  angles of 60° and 1 2 O  are u t i l i z e d .  

N1/N2 = (cos x /cos x2) , n is computed f o r  various a l t i t u d e s .  

s o l a r  zeni th  angles as given above and N and N are t h e  corresponding e l e c t r o n  

d e n s i t i e s .  From t h i s  it i s  not iced  t h a t  n has a value of about 3 a t  80 km and 

decreases s t e a d i l y  with increase  of  a l t i t u d e ,  s t a b i l i z i n g  t o  a value of  0.7 i n  

Using t h e  equation 

x1 and x2  are t h e  n 
1 

1 2 

t h e  E--region, 

t o  0 .7 ,  it tends t o  suggest t h a t  major p a r t  of t h e  absorpt ion  takes  p lace  c lose  

Since t h e  ground-based absorpt ion  measurements g ive  a value c lose  

t o  t h e  E-region. 

u 4 
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5. PROBLEMS I N  THE APPLICATION OF PROPAGATION EXPERIMENT FOR 

THE STUDIES OF THE EQUATORIAL IONOSPHERE 

5 .1  In t roduc t ion  

The propagation experiment was o r i g i n a l l y  developed f o r  t h e  s t u d i e s  of 

ionospheric  phenomena a t  middle l a t i t u d e s  such as Wallops I s land ,  V i rg in i a ,  

So before  using t h i s  technique f o r  t h e  s t u d i e s  of  t h e  equa to r i a l  ionosphere, it 

i s  d e s i r a b l e  t o  examine i t s  a p p l i c a b i l i t y  i n  t h a t  region.  A t  t h e  equator ,  since 

t h e  magnetic f i e l d  l i n e s  a r e  ho r i zon ta l ,  t h e  d i r e c t i o n  of  v e r t i c a l  propagation 

i s  perpendicular  t o  it and the re fo re  the  so- ca l led  quas i- t ransverse  (QT) approxi- 

mation f o r  t h e  Appleton-Hartree equation appl ies  i n s t ead  of t h e  quas i- longi tud ina l  

(QL) approximation; t h e  equations f o r  t h e  Faraday r o t a t i o n  (FR) and d i f f e r e n t i a l  

absorpt ion (DA) a r e  t he re fo re  b a s i c a l l y  d i f f e r e n t .  The expected Faraday r o t a t i o n  

and d i f f e r e n t i a l  absorpt ion values a r e  estimated and compared with middle l a t i t u d e  

values f o r  t h e  same ionospheric  condi t ions .  

5 . 2  Comparison of  D i f f e r e n t i a l  Absorption and Faraday Rotation Values Obtained 

Under QL and QT Conditions 

S t a r t i n g  from t h e  c l a s s i c a l  Appleton-Hartree formula f o r  t h e  complex refrac- 

t i v e  index, applying t h e  quas i- longi tud ina l  approximation (see Ratcliffe,  1962) 

and using c e r t a i n  s impl i fy ing  assumptions t h a t  X and Z a r e  less than 1 and small, 

t h e  following equations f o r  t h e  d i f f e r e n t i a l  absorpt ion and Faraday r o t a t i o n  can 

be  obtained. 

2 .  

XX - xo D i f f e r e n t i a l  Absorption .......... 

- Faraday Rotation ...,..........., vx - Po - 
QL (5.1) 

1 
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Now applying t h e  same s impl i fy ing  assumptions as before  (v i z .  X and Z << 1) 

t o  t h e  equations f o r  t he  d i f f e r e n t i a l  absorpt ion and Faraday r o t a t i o n  deduced 

using the  quas i- t ransverse  approximation as i n  Chapter 3, it can be shown t h a t  

D i f f e r e n t i a l  Absorption ..... X K  - xo = 2 1 xz ~ , ~ - ~ ~ ~ ~ )  3 
QT (5.2) 1 2  - XY 2 - Faraday Rotat ion .......,...p - 

X - (l-Y2) 

By taking t h e  r a t i o s  and p u t t i n g  Y 

an operat ing frequency of 3.385 MHz, i t  can be shown t h a t  

= 0.44 and Y = 0.23, t y p i c a l  values f o r  L 

2 2  

2 2  2 2 

4YL (1-Y ) 

(l-YL) Y (3-Y ) 
ZZ 15.60 , 

D . A ,  f o r  Q . L .  - 
D.A. f o r  Q.T. 

- 

S i m i l a r l y ,  

2YL (1-YL) 

(l-YZ) Y2 
19.63 ~ 

F.R.  f o r  Q.L.  - 
F.R.  f o r  Q.T. 

- 

(5.3) 

(5.4) 

Equations (5.3) and (5.4) show t h a t  with t h e  same ionospheric  condi t ions  and 

with t he  same operat ing frequency, t h e  d i f f e r e n t i a l  absorpt ion and Faraday 

r o t a t i o n  values  observed near  t h e  equator  (where t h e  quas i- t ransverse  approxi- 

mation holds) a r e  much smaller than  those observed at high l a t i t u d e s  (where t h e  

quas i- longi tud ina l  approximation ho lds ) .  

One way t o  i nc rease  t h e  d i f f e r e n t i a l  absorpt ion and Faraday r o t a t i o n  a t  t h e  

magnetic equator i s  t o  decrease t h e  opera t ing  frequency. 

addi t iona l  problems such as : 

However t h i s  in t roduces  
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(1) If t h e  operat ing frequency is lower than t h e  normal E-region 

c r i t i ca l  frequency, it w i l l  only be pos s ib l e  t o  ob ta in  t h e  e l ec t ron  

dens i t y  p r o f i l e  up t o  E-region h e i g h t s ,  

If t h e  ex t raord inary  r e f l e c t i o n  po in t  is  below t h e  e l e c t r o j e t  region,  (2) 

t h e r e  w i l l  be no way of s tudying t h e  equa to r i a l  E s  which is  one of 

t h e  major problems a t  t he se  l a t i t u d e s ;  s o  t h e  D- and E-region measure- 

ments become mutually exc lus ive .  

Another p o s s i b i l i t y  is t o  launch t h e  rocket  such t h a t  t h e  angle t h e  ray  path 

makes with t h e  magnetic f i e l d  i s  s u f f i c i e n t  f o r  t he  quas i- longi tud ina l  approxi- 

mations t o  be appl ied .  

5 . 3  Launching i n t o  QL Region from an Equator ia l  Launch S i t e  

The loca t ion  of  t h e  equa to r i a l  launch s i t e  a t  Thumba, Ind i a  (Geog. Lat. 8.S0N; 

Long, 76.9'E) is  about 35 km south of  t h e  magnetic equator .  Since t he  angle (e )  

between the  d i r e c t i o n  of  propagation and the  magnetic f i e l d  l i n e s  determines 

which approximation ho lds ,  8 is  computed f o r  var ious  e l eva t ion  and azimuth angles .  

A l l  t he se  computations p e r t a i n  t o  an a l t i t u d e  of 100 km and the  v a r i a t i o n  o f ' 8  

with azimuth angle  f o r  var ious  e l eva t ion  angles  ranging from 45' t o  85' is  shown 

i n  Figure 5.1. I t  can be no t iced  from t h i s  f i g u r e  t h a t  8 varies from about 45' 

t o  88O depending on the  launch c h a r a c t e r i s t i c s .  

A s  d iscussed e a r l i e r  i n  Chapter 3 ,  t h e  condi t ions  f o r  t he  two approximations 

can be w r i t t e n  as: 

where 

1 2 
f ( e )  = s i n  €)/cos e 
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when numerical cases are considered it is a reasonably good approximation to 

assume that the inequality is satisfied, if the large quantity i s  nine times 

the smaller so that 

2 (1-X)2 + z 

- Y (I-x)~ + z2 

3 f(e) > - Y 
3 f(e) 

for QT 

for QL I C5.7) 

2 From Equation ( 5 . 7 ) ,  in the altitude range where Z is small such that Z 

neglected and when X = 1 - + YL,  it can be shown that whenever 8~40' it i s  safe 

to assume the quasi-longitudinal approximation and whenever 8>68' it is safe 

to assume the quasi-transverse approximation, 

X is small and Z is significant, the region in which the quasi-transverse approxi- 

mation holds is considerably less. 

can be 

However at low altitudes, where 

So since the regions in which the quasi-longitudinal and quasi-transverse 

approximations hold vary with altitude, it is necessary to investigate its vari- 

ation assuming a standard ionosphere. The electron density profile obtained 

close to the magnetic equator corresponding to a solar zenith angle of  60' and 

a typical electron collision frequency model (~1.01 x 10 p; p being the pressure 

in mm, Hg according to U.S. Standard Atmosphere, 1962) as shown in Figure 5.2 

are assumed for this investigation. For an operating frequency of 3.385 MHz, 

the quasi-longitudinal and quasi-transverse regions are demarcated as shown in 

Figure 5.3. 

experimental requirements, it should be possible to select optimum launch charac- 

teristics. The computer program (Fastran language) for this investigation i s  

given in the Appendix, 

this investigation for various ionospheric conditions and for different operating 

8 

Therefore by consulting Figures 5.1 and 5.3 and depending on the 

Using this program, it should be possible to carry out 

frequencies. 1 
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Though by launching t h e  rocket  i n t o  t h e  quasi- longi tudinal  region, t h e r e  

w i l l  be  considerable  increase i n  t h e  DA and FR va lues ,  some add i t i ona l  problems 

would be c rea ted  by launching t h e  rocket  at an obl ique angle.  I n  Figure 5 . 4  i s  

given t h e  Thumba launch s i t e  with  re fe rence  t o  t h e  magnetic equator .  

cussed e a r l i e r ,  f o r  t he  quas i- longi tud ina l  approximation t o  hold it is necessary 

t o  launch the  rocket  a t  an obl ique angle i n  t he  magnetic meridian ( i , e .  i n  t h e  

N-S d i r e c t i o n ) .  However due t o  range s a f e t y  requirements,  it is  poss ib le  only 

t o  launch towards south which means t h a t  t he  rocket  w i l l  be moving away from t h e  

cen te r  of t h e  e l e c t r o j e t  (as it i s ,  t h e  launch s i t e  i s  about 35 km south of  the  

As d i s -  

magnetic equa tor ) .  Moreover s ince  t h e  rocket  is  moving continuously away from t h e  

t ransmi t t ing  antennas,  e r r o r s  would be introduced i n  t h e  p o l a r i z a t i o n  s e t t i n g s  

of t he  ordinary and extraordinary waves. 

propagation path from ground t o  t he  rocket  would be complicated. 

5.4 Summary and Discussion 

Besides, t h e  geometry of t h e  r ad io  wave 

So i n  view of  t h e  above mentioned problems which a r e  q u i t e  complicated, it 

appears b e t t e r  t o  launch t h e  rocket  i n  t h e  E-W d i r e c t i o n  (perpendicular t o  t h e  

magnetic meridian) such t h a t  t he  quas i- t ransverse  approximation w i l l  hold.  For 

daytime experiments, it may not be pos s ib l e  t o  decrease t h e  operat ing frequency 

from 3.385 MHz without s a c r i f i c i n g  t h e  s tudy of t h e  E-region. Therefore,  s i n c e  

t he  order  of  t h e  d i f f e r e n t i a l  absorpt ion i s  known, t h e  p i s ton  a t t enua to r  con- 

t r o l l i n g  t h e  extraordinary t r a n s m i t t e r  power may be redesigned s o  t h a t  i t s  t o t a l  

range i s  about 5 dB. Then it might be pos s ib l e  t o  record small changes i n  it 

more accura te ly .  Though t h e  d i f f e r e n t i a l  absorpt ion is  small a t  t he  equator ,  

t h e  ordinary wave absorpt ion i s  almost twice t h a t  observed a t  high l a t i t u d e s .  

Using t h e  AGC of t h e  rocket  r ece ive r ,  it should a l s o  prove pos s ib l e  t o  ob t a in  

t h e  des i red  informat ion.  
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6 .  SOME PROBLEMS OF THE EQUATORIAL IONOSPHERE 

WHICH COULD BE STUDIED BY ROCKETS 

6 .1  In t roduct ion  

Inasmuch as charged p a r t i c l e s  i n t e r a c t  with t h e  e a r t h ' s  magnetic l i n e s  

of force ,  t h e  geometry of t h e  equa to r i a l  magnetic f i e l d  leads t o  many interest-  

ing ionospheric  and magnetic phenomena. Many workers a l l  over t h e  world have 

been studying t h e  equa to r i a l  ionosphere f o r  sometime. 

problems of t h e  equa to r i a l  ionosphere i s  ind ica t ed  by t h e  two i n t e r n a t i o n a l  

symposia on Equatorial  Aeronomy he ld  i n  Peru and Brazil during t h e  years  1962 

and 1965 r e spec t ive ly ,  The symposia s t rong ly  recommended t h a t  combined iono- 

Growing i n t e r e s t  i n  t h e  

sphe r i c  and magnetic s tud ie s  be  made by means of  rocke ts  i n  t h e  equa to r i a l  D- ,  

E-  and F-regions and s t r e s s e d  t h a t  such s t u d i e s  should always be made i n  asso- 

c i a t i o n  with similar in t ens ive  observat ions from t h e  ground. I t  i s  obvious t h a t  

wel l  planned rocket experiments are indispensable i n  not  only f i l l i n g  gaps i n  

the  present  knowledge about equa to r i a l  aeronomy but  a l s o  i n  so lv ing  some of t h e  

outs tanding problems. I n  t h e  following sec t ions  some of  t h e  equa to r i a l  iono- 

sphe r i c  problems which can be s tud ied  by rocket  experiments w i l l  be discussed.  

6.2 The D-Region and Equatorial  Ionospheric Absorption Problems 

During night t ime due t o  t h e  incidence o f  cosmic rays 

- q - L = O  dN 
d t  
- -  

where q is t h e  production term due t o  cosmic rays and L is  t h e  l o s s  term due t o  

attachment. 

must disappear  by a t t ach ing  themselves t o  t h e  n e u t r a l  molecules. 

For t h i s  reason t h e  e l ec t rons  produced by inc iden t  cosmic rays 

These e lec t rons  

detach themselves from t h e  n e u t r a l  by t h e  first appearanceof s o l a r  r a d i a t i o n  

x 
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during t h e  e a r l y  morning hours and thereby t h e  D-region cosmic ray  layer is  

formed 

0 ;  + hv -f O2 + e 

X - + h v + X + e  . 

X is usua l ly  be l ieved  t o  be O s .  

only on c e r t a i n  days as ind ica ted  by obl ique VLF absorpt ion s t a r t i n g  from t h e  

s o l a r  zen i th  angle  (x) of  98O. So t h e  c r i t e r i o n  f o r  launching t h e  rocke t ,  i n  

order  t o  i n v e s t i g a t e  t h e  cosmic ray l a y e r  should be t h a t  t h e  VLF waves i n d i c a t e  

absorpt ion s t a r t i n g  from x = 98'. 

2 by a f a c t o r  of t e n  with l a t i t u d e  reaching a minimum value of 23 ion pairs/cm / 

atmosphere at t h e  geomagnetic equator  (Aikin, 1965), So by comparing t h e  r e-  

s u l t s  obtained a t  t h e  equator with those  obtained a t  h igher  l a t i t u d e s ,  it w i l l  

be  pos s ib l e  t o  ascertain whether t h e  cosmic rays a r e  of primary importance i n  

t h e  formation o f  t h i s  l aye r ,  as i s  expected,  

However due t o  some reason t h i s  l aye r  i s  formed 

The cosmic ray  production func t ion  varies 

Chi l ton and Radice l la  (1965) showed t h a t  t h e r e  are b a s i c  d i f f e r ences  i n  

t r ansequa to r i a l  and middle l a t i t u d e  VLF propagation c h a r a c t e r i s t i c s .  

d i f fe rences  s t rong ly  suggest  t h a t  t he  s t r u c t u r e  o f  t h e  lower D-region changes 

with l a t i t u d e .  I t  is  thought t h a t  t he se  d i f f e r ences  are due t o  a l a t i t u d i n a l  

v a r i a t i o n  on t h e  daytime e l ec t ron  dens i t y  grad ien t .  

fact was obtained during t h e  NASA Mobile Launch Expedition during IQSY (1964-65) 

These 

Di rec t  evidence t o  t h i s  

wherein fou r  rocke ts  were launched a t  var ious  l a t i t u d e s  including one at t h e  

magnetic equator ,  i n  order  t o  s tudy t h e  l a t i t u d i n a l  v a r i a t i o n  o f  t h e  lower iono- 

sphere .  

showed c l e a r l y  t h a t  t h e  D-region e l ec t ron  dens i ty  grad ien t  i s  l a r g e r  a t  t he  

The r e s u l t s  o f  t he se  experiments (Figure 4.11 of Chapter 4 of  t h i s  repgr t )  

x 
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Figure 6 .1  Anomalous absorption values observed during l o c a l  summer 
( a f t e r  Beynon and Jones,  1965) 
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equator  than  at o the r  l a t i t u d e s .  Therefore t he  v a r i a t i o n  of t h e  e l ec t ron  dens i ty  

grad ien t  with t h e  t i m e  of t h e  day has t o  be i nves t i ga t ed  by launching rockets  

f o r  d i f f e r e n t  s o l a r  zen i th  angles during a normal q u i e t  day. 

Skinner and Wright (1956) found t h a t  t h e  nondeviat ive  absorpt ion a t  Ibadan 

va r i ed  as (cos x)' *6/f1 ' *  whereas t h e  Appleton-Hartree theory would p r e d i c t  a 

v a r i a t i o n  of t h e  form (cos x) 3/2/f2, f being the  e f f e c t i v e  operat ing frequency. 

Whether t h e  absorpt ion values  measured a t  equa to r i a l  s t a t i o n s  are propor t iona l  

t o   or - i s  not  yet  d e f i n i t e l y  known. This can be i nves t i ga t ed  by conducting 

t h e  propagation experiment at two frequencies  simultaneously.  

1 1 

f 2  
By generat ing 

e i t h e r  ordinary o r  ex t raord inary  wave from t h e  ground and by'monitoring t h e  AGC 

vo l tage  of  t h e  rocket-borne r ece ive r s ,  t h e  v a r i a t i o n  of  absorpt ion with a l t i t u d e  

as a funct ion of frequency can be s tud i ed .  During t h i s  experiment, t h e  ques t ion  

of  t h e  r e l a t i v e  cont r ibu t ion  of t h e  var ious  ionospheric  regions t o  t h e  t o t a l  

absorpt ion can a l s o  be resolved.  

I t  is wel l  known t h a t  t h e  measured ionospheric  absorpt ion i s  propor t iona l  

t o  (cos x ) ~  where n is  c a l l e d  t h e  index o f  absorp t ion ,  The value of  n as deduced 

from t h e  d iu rna l  v a r i a t i o n  of  absorpt ion is lower than t h e  one obtained using 

seasonal v a r i a t i o n  (Skinner,  1965). This i s  t h e  seasonal  anomaly i n  ionospheric  

absorpt ion.  Besides,  f o r  low l a t i t u d e  s t a t i o n s ,  Beynon and Jones (1965) repor ted  

t h a t  t h e  l o c a l  summer absorpt ion values appear t o  behave i n  an anomalous way i n  

t h e  sense t h a t  they are smaller than expected as shown i n  Figure 6 .1 ,  

Shirke (1966) us ing  shipboard absorpt ion measurements a t  var ious  l a t i t u d e s ,  

Recently 

showed t h a t  t h e  absorpt ion values  a r e  low at  t h e  equator  when compared t o  o the r  

l a t i t u d e s  f o r  t h e  same s o l a r  zeni th  angle  (x). This  i s  t h e  geomagnetic anomaly 

i n  ionospheric  absorpt ion and it i s  presen t  during t h e  af ternoon hours r a t h e r  

than  t h e  forenoon hours ,  

f requencies  under d i f f e r e n t  ionospheric  condi t ions ,  t h e  above mentioned D-region 

So by measuring t h e  e l ec t ron  dens i ty  and c o l l i s i o n  

1 
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problems and t h e  anomalies i n  ionospheric  absorpt ion can be  inves t iga ted  as 

planned i n  Table 1. A t  t h e  equa to r i a l  l a t i t u d e s ,  during equinox months t h e  

s o l a r  zeni th angle (x) reaches very low values c lose  t o  noon, thereby o f f e r s  

wide choice i n  t h e  s e l e c t i o n  of  x angles f o r  d iu rna l  v a r i a t i o n  s t u d i e s .  

6 . 3  E l e c t r o j e t  and Equatorial  Sporadic E Problems 

Berkner and Wells (1937) f i rs t  drew a t t e n t i o n  t o  t h e  s p e c i a l  f e a t u r e s  of  

sporadic  E i n  t h e  ionograms obtained a t  Huancayo, very c l o s e  t o  t h e  magnetic 

equator .  During most of t h e  s u n l i t  hours,  f E s  a t  Huancayo i s  seen  t o  exceed 

5 MHz f o r  more than  90 percent  of  t h e  t i m e .  This was first c a l l e d  ' f r i n g e  E '  

o r  'Huancayo type E s ' .  Now t h i s  type  of  E s  is i n t e r n a t i o n a l l y  designated as 

Es-q and is  c a l l e d  equa to r i a l  E s .  

t h e  o the r  types of E s  seen on ionograms by seve ra l  c h a r a c t e r i s t i c s .  

0 

Usually it i s  r e a d i l y  d i s t ingu i shab le  from 

(1) I t  is always l a rge ly  t r anspa ren t  t o  probing r a d i o  waves, t h a t  is, 

it never b lankets  r e f l e c t i o n s  from higher  l a y e r s .  

( 2 )  I t  usua l ly  shows a well defined lower edge ly ing  between 100-110 km 

with s c a t t e r e d  and d i f f u s e  echoes above t h e  p r i n c i p a l  echo. 

(3)  I n  well developed cases, t h e  d i f f u s e  echoes are continued below a 

sharp  upper boundary t h a t  s tarts  a t  about f E and inc rease  i n  

he ight  with inc reas ing  frequency. 

(4) Mul t ip le  echoes are not  observed. 

Matsushita (1951) by p l o t t i n g  t h e  noon values of f E s  of a number of  s t a t i o n s  

0 

0 

agains t  t h e i r  magnetic d i p s ,  found t h a t  high Es-q c r i t i c a l  frequencies during 

midday were r e s t r i c t e d  t o  a narrow zone wi th in  + l o o  magnetic d ip .  

we l l  known f o r  many years  t h a t  t h e  d a i l y  amplitude o f  t h e  geomagnetic h o r i z o n t a l  

v a r i a t i o n  f i e l d ,  a t  Huancayo is  unusually l a rge  (Chapman and Bartles, 1940). A 

similar enhancement has been observed a t  o t h e r  equa to r i a l  s t a t i o n s .  

shawn t h a t  t h i s  enhancement occurs i n  a narrow zone centered  on t h e  magnetic 

I t  has been 

I t  has been 
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TABLE 1 

SEASON TIME OF LAUNCH NO. OF ROCKETS PURPOSE 

Any season x 98" 

Equinoxes 

Summer 

Winter 

x=Oo, 40° 6 80' 

~ ~ 4 0 '  ; Forenoon 
and 

af ternoon 

x=40° ; Forenoon 
and 

af ternoon 

1 To inves t i ga t e  t h e  D- 
region cosmic ray l a y e r  
formed during t h e  e a r l y  
morning hours.  

3 

2 

2 

( i )  To s tudy t h e  D-region 
e l ec t ron  dens i t y  grad- 
i e n t  v a r i a t i o n  with time 
of t h e  day. 

( i i )  To compute In' t h e  index 
of  absorpt ion.  

To i n v e s t i g a t e  t h e  geo- 
magnetic anomaly i n  
ionospheric  absorpt ion.  

(i) To i n v e s t i g a t e  t he  sea-  
sonal  anomaly i n  iono- 
s p h e r i c  absorpt ion.  

( i i )  To i n v e s t i g a t e  t he  geo- 
magnetic anomaly i n  
ionospheric  absorpt ion.  

( i i i )  The absorpt ion index n 
cqn b e  computed using 
seasonal  values  and com- 
pared with In1 obtained 
from d iu rna l  v a r i a t i o n .  

J 
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equator  (?4atsushita,  1953) and i t  r e s u l t s  from a s t rong  eastward e lec t r ic  cu r ren t  

during dayl ight  hours which has been c a l l e d  t h e  e q u a t o r i a l  e l e c t r o j e t  (Chapman, 

1951). 

The equa to r i a l  e l e c t r o j e t  has  been extens ive ly  s tud ied  during t h e  I G Y  and 

i t s  cause i s  thought t o  be a high value of Cowling conduct iv i ty  i n  t h e  magnetic 

equa to r i a l  zone a t  about 100 km he igh t  combined with an e l e c t r o j e t  f i e l d  caused 

by s o l a r  dynamo effects (Matsushita,  1962). The d a i l y  amplitude of H is a good 

ind ica t ion  of t h e  i n t e n s i t y  of t h e  equa to r i a l  e l e c t r o j e t .  I t  has been shown by 

Matsushita (1953) t h a t  t h e  equa to r i a l  E s  appears i n  t h e  same narrow zone as t h a t  

i n  which equa to r i a l  e l e c t r o j e t  flows and t h a t  t h e r e  i s  an obvious c o r r e l a t i o n  

between f Es-q and t h e  d a i l y  amplitude of H ,  observed a t  t h e  same s t a t i o n .  
0 

Kotadia (1962) has p l o t t e d  t h e  values of  AH f o r  Kodaikanal, Huancayo and 

Ibadan (equa to r i a l  s t a t i o n s )  over a number of years  and found t h a t  they e x h i b i t  

a pronounced seasonal  v a r i a t i o n  showing equinoxial  maxima. S ince  it has a l ready 

been proven t h a t  t h e r e  is  a c lose  c o r r e l a t i o n  between Es-q and H ,  one can expect 

t h a t  Es-q a l s o  e x h i b i t s  a similar seasonal  v a r i a t i o n  with equ inoc t i a l  maxima. 

However s t u d i e s  of t h e  seasonal  v a r i a t i o n  o f  foEs-q f o r  Ibadan (Mag. d ip  6's) 

show t h a t  it exh ib i t ed  t h e  features of an e l e c t r o j e t  s t a t i o n  (with equ inoc t i a l  

maxima) during some years  and t h e  features o f  a non- e lec t ro je t  s t a t i o n  (with 

summer maxima) during some o t h e r  years  (Rao and Rao, 1963). This  i n d i c a t e s  

t h a t  t h e  width of t h e  e l e c t r o j e t  is  v a r i a b l e  with t i m e .  

term v a r i a t i o n s  i n  equa to r i a l  sporadic  E f o r  t h e  s t a t i o n s  Huancayo and Ibadan 

showed t h a t  cont rary  t o  expecta t ions  t h e  foEs-q values are not  maximum during 

sunspot maximum years  (Rao and Rao, 1966). This has been a t t r i b u t e d  t o  t h e  

decrease i n  t h e  width of t h e  e l e c t r o j e t  during sunspot maximum years  though 

i t s  s t r e n g t h  increased  a t  t h e  c e n t e r .  

S tudies  of t h e  long 
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From both r ad io  sounding measurements (ionosondes) and VHF r ad io  s c a t t e r i n g  

measurements of t h e  equa to r i a l  ionosphere (Matsushita,  1962; Cohen and Bowles, 

1963), i t  is  known t h a t  t h e r e  are i r r e g u l a r i t i e s  of i o n i z a t i o n  dens i ty  asso-  

c i a t e d  with t h e  e l e c t r o j e t .  A theory of  t h e  two-stream ion  wave i n s t a b i l i t y  

i n  a plasma developed by Far ley  (1963) t akes  i n t o  account both t h e  effect  of 

c o l l i s i o n s  of ions  and e l ec t rons  with n e u t r a l  p a r t i c l e s  and t h e  presence of  a 

uniform magnetic f i e l d .  Applying t h e  r e s u l t s  t o  t h e  ionosphere, i t  was found 

t h a t  i r r e g u l a r i t i e s  of i o n i z a t i o n  dens i ty  should ar ise  spontaneously i n  regions 

i n  which a s u f f i c i e n t l y  s t rong  cu r ren t  is  flowing normal t o  t h e  magnetic f i e l d  

l i n e s .  I t  i s  supposed t h a t  t h e  Es-q appearing on t h e  ionograms obtained c l o s e  

t o  t h e  magnetic equator ,  is due t o  r ad io  waves being s c a t t e r e d  by t h e s e  i r r egu-  

lar i t ies  and not  due t o  ac tua l  inc reases  i n  e l ec t ron  dens i ty  a t  these  l e v e l s .  

Evidence t o  support  t h i s  fact  was first obtained by Blumle e t  a l . ,  (1965) by 

t h e  e l e c t r o n  dens i ty  d i s t r i b u t i o n  measurements of  t h e  e q u a t o r i a l  ionosphere 

during daytime. This was f u r t h e r  s u b s t a n t i a t e d  by t h e  equa to r i a l  rocket  launch 

(14.228) r e s u l t s  presented  ea r l i e r  i n  t h i s  r epor t .  Moreover t h e  presence of  

i r r e g u l a r i t i e s  was c l e a r l y  not iced  by t h e  DC probe flown i n  t h i s  rocket ,  i n  

t h e  a l t i t u d e  region  90-100 km (Fig.  4.10 of  Chapter 4 of  t h i s  r e p o r t ) .  The 

s p a t i a l  pe r iod  o f  t h e s e  i r r e g u l a r i t i e s  i s  80 m and t h e i r  amplitude is  about 

12 percent  of t h e  plasma dens i ty  a t  t h e s e  a l t i t u d e s .  

-- 

A t  t h i s  s t a g e ,  it i s  not  hard t o  conceive some experiments t o  f u r t h e r  t h e  

understanding o f  e q u a t o r i a l  E s  and e l e c t r o j e t  phenomena: 

The v a r i a t i o n  o f  t h e  c h a r a c t e r i s t i c s  of  t h e  i r r e g u l a r i t i e s ,  which 

are be l ieved t o  be respons ib le  f o r  t h e  Es-q appearance on ionograms, 

wi th  t h e  t i m e  of  t h e  day. This s tudy can be  made by launching 

rockets  f o r  d i f f e r e n t  s o l a r  zeni th  angles (x) during a normal q u i e t  

day,  These i n v e s t i g a t i o n s  can be  c a r r i e d  out  simultaneously with 

1 t h e  D-region experiment. 
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Geomagnetic latitude 

Figure 6.2 Occurrence frequency of aspect s e n s i t i v e  spread F as 
seen by Alouette I ,  September 1962 t o  January 1963 
( a f t e r  Calvert  and Schmid, 1964) 

J 

ul c p. 4, 
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(2)  The v a r i a t i o n  of  t h e  c h a r a c t e r i s t i c s  of t h e  i rregulari t ies  with 

d i s t ance  from t h e  cen te r  o f  t h e  e l e c t r o j e t .  This s tudy can be  

made by launching t h e  rocket  a t  an obl ique  angle  i n  t h e  N-S 

d i r e c t i o n  such t h a t  t h e  rocket  passes through t h e  e l e c t r o j e t  

region a t  d i f f e r e n t  d i s t ances  from t h e  cen te r  during ascent  

and descent .  

(3)  Using rocket-borne magnetometer measurements, Cah i l l  (1959) 

observed t h a t  t h e  hor i zon ta l  cu r ren t  dens i ty  showed two maxima 

a t  he igh t s  of 105 km and 125 km o f  roughly equal magnitude which 

ind ica ted  a b i f u r c a t i o n  of  t h e  equa to r i a l  e l e c t r o j e t .  This 

phenomenon needs f u r t h e r  inves t iga t ion .  

(4)  The seasonal  v a r i a t i o n  of  t h e  width of t h e  e l e c t r o j e t  can be  

inves t iga ted  by rocket  experiments during d i f f e r e n t  seasons f o r  

t h e  same s o l a r  zeni th  angle.  These experiments can a l s o  be  

coupled with t h e  D-region experiments. 

6 .4 F-Region Problems 

The e q u a t o r i a l  F-region e x h i b i t s  many anomalies and p e c u l i a r i t i e s ,  one o f  

t h e  most important of them being t h e  spread F phenomena. The name spread  F 

i s  derived from t h e  v i s u a l  appearance o f  t h e  traces on ionograms where t h e  

echoes l o s e  t h e i r  sharply  defined s t r u c t u r e ;  they become very d i f f u s e  and broad. 

Therefore i t  i s  extremely d i f f i c u l t  t o  measure t h e  e l e c t r o n  dens i ty  d i s t r i -  

but ion  when t h i s  phenomenon occurs.  The predominant f e a t u r e  i n  t h e  geographic 

d i s t r i b u t i o n  o f  spread F occurrence is  t h e  ex i s t ence  of  two areas of maximum. 

One is  found a t  equa to r i a l  regions ,  i nva r i ab ly  on t h e  nightt ime s i d e  of  t h e  

e a r t h ,  whereas t h e  o the r  is  confined t o  p o l a r  l a t i t u d e s ,  mostly i n  t h e  dark 

hemisphere bu t  o f t e n  observed during daytime (Figure 6 . 2 )  e 
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A theory of  spread F i r r e g u l a r i t y  production which has gained considerable 

a t t e n t i o n ,  p a r t i c u l a r l y  i n  regard  t o  equa to r i a l  spread F ,  is  t h a t  due t o  Martyn 

(1959). 

under the  a c t i o n  o f  l a rge  scale e l ec t r i c  f i e l d s  which i n t e r a c t  with t h e  e a r t h ' s  

Martyn considers  t h a t  t h e  F- layer  as a whole w i l l  d r i f t  v e r t i c a l l y  

magnetic f i e l d .  

t h e  F-region may become appreciably enhanced. 

H e  shows t h a t  during such a process ,  small pe r tu rba t ions  i n  

Where t h e  l a y e r  i s  d r i f t i n g  up- 

ward it i s  t h e  undersurface of t h e  l aye r  which i s  uns tab le  i n  t h i s  r e spec t .  

I t  i s  shown f o r  an upward d r i f t i n g  l a y e r  t h a t  an i s o l a t e d  region o f  reduced 

e l ec t ron  dens i ty  low i n  t h e  l a y e r ,  moves upward through t h e  region ,  thus  moving 

i n t o  regions of g r e a t e r  e l e c t r o n  dens i ty  where t h e  inhomogeneity becomes more 

pronounced. S imi la r ly  a region  of enhanced i o n i z a t i o n  moves downward i n t o  

regions where t h e  surrounding dens i ty  i s  lower and is  thus  a l s o  enhanced. 

ever ,  downward motion of  t h e  l a y e r  causes i t s  upper s u r f a c e  t o  become uns tab le  

How- 

and so Martyn suggests  t h a t ,  of t h e  two p o s s i b i l i t i e s ,  upward d r i f t  should be  

more important i n  t h e  production of  spread F .  

While Martyn's theory expla ins  t h e  ampl i f i ca t ion  of  i r r e g u l a r i t i e s  once 

produced, it gives no c lue  as t o  t h e  o r i g i n  o f  the  i r r e g u l a r i t i e s .  Dagg (1957) 

suggested t h a t  i r r e g u l a r i t i e s  i n  t h e  F- layer  arise from electromechanical coup- 

l i n g  of tu rbu len t  motions i n  t h e  lower ionosphere i n t o  t h e  F- layer .  Axford 

and Hines (1961) have suggested a similar coupling with t h e  tu rbu len t  motions 

associa ted  with t h e  convective motion of t h e  magnetosphere. Bowhill (1964) 

proposed t h a t  t h e  f i e ld- a l igned  i r r e g u l a r i t i e s  may be  an effect  o f  an increased  

e l e c t r o n  temperature i n  t h e  F2- layer.  

magnetic f i e l d  of t h e  e a r t h  i s  s u f f i c i e n t l y  small t h a t  these  inhomogeneities 

of e l e c t r o n  temperature could be  expected t o  maintain themselves f o r  a con- 

Thermal conduction perpendicular  t o  t h e  

s i d e r a b l e  per iod .  

J 



97 

In order  t o  shed some l i g h t  on t h e  mechanism of spread F,  it is necessary 

t o  ge t  t h e  e l ec t ron  dens i ty  when spread F phenomenon occurs .  

e a r l i e r  t h e  ionosonde fails  t o  give t h i s  information under t h e s e  condit ions 

and the re fo re  rockets  have t o  be used f o r  t h i s  purpose. 

has t o  be used f o r  deciding on the  c r i t e r i o n  t o  launch the  rocket .  

rockets  l i k e  t h e  J a v e l i n  and Nike-Tomahawk have t o  be used f o r  t h i s  experiment. 

As we have seen 

However t h e  ionosonde 

High a l t i t u d e  

In t h e  D-  and lower E-regions, c o l l i s i o n s  of e l ec t rons  with n e u t r a l  p a r t i c l e s  

predominate. 

ion c o l l i s i o n s  increase  i n  importance, bu t  t h e r e  i s  l i t t l e  experimental evidence 

t o  t e l l  us which type of c o l l i s i o n s  predominate, nor i n  f a c t ,  what t h e  c o l l i s i o n  

frequency is  (Belrose, 1965). Chapman (1956) has  given t h e  following t h e o r e t i c a l  

formulas f o r  the  e lec t ron- ion  c o l l i s i o n  frequency. 

This is  not  necessa r i ly  t h e  case i n  the  F-region, where e lec t ron-  

v = [34 + 4.18 loglO(Te/Ne)] 3 NeTe -3/2 
e i  

where T 

of cm-3 and vei is t h e  c o l l i s i o n  frequency i n  see 

t o  

during t h e  day t h e i r  c o l l i s i o n  frequency w i l l  decrease.  

r ad io  noise  measurements a t  25 MHz repor ted  t h a t  a t  middle l a t i t u d e s  e lec t ron-  

is t h e  e l ec t ron  temperature,  N is the  e l e c t r o n  dens i ty  measured i n  u n i t s  e 
-1 . Since v is propor t iona l  e i  

i f  e l e c t r o n  c o l l i s i o n s  a r e  mainly with ions ,  when temperature increases  

Abdu -- e t  a l . ,  by g a l a c t i c  

p o s i t i v e  ion  c o l l i s i o n s  are mainly respons ib le  f o r  t h e  short-wave absorpt ion i n  t h e  

F-region. 

t h e r e f o r e  necessary t o  i n v e s t i g a t e  t h e  con t r ibu t ion  of e lec t ron- ion  c o l l i s i o n s  

t o  the  r a d i o  wave absorpt ion i n  t h i s  reg ion .  By t h e  rocket  r a d i o  propagation 

experiment and by using high a l t i t u d e  rocke t s ,  i t  i s  poss ib l e  t o  make t h e  de- 

s i r e d  measurements. 

Measurement of e l e c t r o n  c o l l i s i o n  frequencies  i n  t h e  F-region is  
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Figure 6.3 Comparison of tops ide  e l ec t ron  dens i ty  p r o f i l e s  obtained 
from Alouette I ,  backsca t t e r  sounding and a simultaneous 
rocket  f l i g h t  on J u l y  2 ,  1963 (after Schmerling, 1966), 
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There a r e  s t i l l  some unsolved problems i n  deducing e l ec t ron  dens i ty  pro- 

f i les  from ionograms, as on a number of  occasions it has been found t h a t  t h e  

bottomside and tops ide  p r o f i l e s  do not match proper ly .  However using simul- 

taneous rocket  and Thomson scatter  measurements, no s e r ious  discrepancies  

have emerged (Bauer and Jackson, 1964) . Figure 6 .3  shows such a comparison 

of  

Alouette I ,  a Thomson s c a t t e r  sounder, and a rocket  probe launched c l o s e  t o  

tops ide  e l ec t ron  dens i t y  p r o f i l e s  deduced from each of t h e  following: 

t h e  s a t e l l i t e  t h a t  contained two independent experiments. On t h i s  occasion, 

it i s  seen t h a t  q u i t e  good agreement was obtained,  bu t  f u r t h e r  work i s  needed 

i n  t h i s  d i r e c t i o n  t o  account f o r  t he  d i sc repanc ies  observed a t  o ther  times be- 

tween top  and bottomside soundings. (Schmerling, 1966). 

6 .5  Summary and Discussion 

A s  descr ibed i n  t h e  e a r l i e r  s e c t i o n s ,  most of  t h e  outs tanding equa to r i a l  

D- ,  E- and F-region problems can be  i nves t i ga t ed  with t h e  rocket  r ad io  propa- 

ga t ion  experiment. Some o f  these  experiments r equ i r e  t h a t  t h e  rocket  be launched 

ob l ique ly .  For t h i s  reason t h e  ground-based experimental s e tup  should be ab le  

t o  generate  both c i r c u l a r l y  po la r ized  and l i n e a r l y  po la r ized  waves. Moreover 

t h e  experimental se tup  should be capable of  opera t ing  a t  l e a s t  on two spo t  

f requencies:  one around 2 MHz f o r  night t ime experiments and t h e  o t h e r  around 

3 MHz f o r  daytime experiments i n  t h e  E-region. For some of  t h e s e  i nves t i ga t i ons ,  

it might be required t o  f l y  some of  t h e  following experiments a l s o  along with  

t h e  r ad io  propagation experiment: 

(1) Probes f o r  ob ta in ing  e l ec t ron  and ion temperatures.  

(2) Magnetometer f o r  measuring changes i n  t h e  magnetic f i e l d .  

(3) Mass spectrograph f o r  ob ta in ing  ion  composition. 

(4) Sodium cloud release experiment f o r  t h e  measurements of ionospheric  

d r i f t s .  
1 

e 
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Thus far t he r e  a r e  two equa tor ia l  launch si tes,  one a t  Thumba, I nd i a  

(Geog. Lat. 8.S0N; Long. 76.9'E) and t h e  o the r  a t  Natal ,  Brazi l  (Geog. Lat. 

5.3's; Long. 35.1OW). 

problems, it is  imperative t h a t  a good coordination 

experiments conducted a t  these  two launch s i t e s .  

For a b e t t e r  i nves t i ga t i on  of t h e  equa tor ia l  ionospher ic  

should e x i s t  between t h e  

1 

h 



10 1 

REFERENCES 

Abdu, M .  A . ,  S .  S .  Degaonkar, and K .  R .  Ramanathan (1967), Attenuation of  
g a l a c t i c  r a d i o  no i se  a t  25 MHz and 21.3 MHz i n  t h e  ionosphere over Ahmedabad 
during 1957-1964, 3. Geophys. Res. - 72 ,  1547-1554. 

Aikin, A.  C .  (1965), Formation of t h e  equa to r i a l  ionospheric  D-region, Proceed- 
ings of  t h e  Second I n t e r n a t i o n a l  Symposium on Equator ia l  Aeronomy, ed. 
F .  de Mendonca, 1-13. 

Appleton, E .  V .  (1946), Two anomalies i n  t h e  ionosphere, Nature c_ 157, 691, 

Axford, W .  J . ,  and C .  0. Hines (1961), A unifying theory of high l a t i t u d e  
geophysical phenomena and geomagnetic s torms,  Can. J .  Phys. 7 39, 1433-1464. 

Bauer, S .  J . ,  and J .  E .  Jackson (1964), Alouette  mid- la t i tude  tops ide  s t u d i e s ,  
I G  Bu l l . ,  Trans.  Am. Geo$iys. Union - 45, 227-231. 

Belrose, J .  S .  (19653, The Ionospheric  F-Regior! i n  Physics of  t h e  Ear th ' s  Upper 
Atmosphere, eds .  C .  0 .  Hines, -- e t  a l . ,  Prent ice-Hal l ,  I n c . ,  73-95. 

Berg, R .  S . ,  and B .  Howland (1962), RF component development f o r  t h e  decon 
system, Lincoln Laboratory Technical Report No. 275. 

Berkner, L .  V . ,  and H .  W .  Wells (1937), Abnormal i o n i z a t i o n  of t h e  E-region 
of  t h e  ionosphere, Terrest .  Magnetism Atmospheric Elec. - 4 2 ,  73-76. 

13eynon, W. J .  G . ,  and E .  S .  0. Jones (1965), Meteorological inf luences  i n  ioqo- 
sphe r i c  absorpt ion measurements, Proc. Roy. SOC. A288, - 558-563. 

Rhargava, B .  N .  , and R .  V ,  Subrahmanyan (1964) , Geomagnetic d is turbances  asso- 
c i a t ed 'wi th  equa to r i a l  e l e c t r o j e t ,  J .  Atmospheric T e r r e s t .  Phys. - 26, 879-888. 

Blumle, L .  J . ,  A .  C .  Aikin, and J .  E .  Jackson (1965), Rocket observat ions o f  
t h e  e q u a t o r i a l  ionosphere, Proc. of  t h e  Second In te rna t iona l  Conference on 
Equatorial  Aeronomy, ed.  F .  de Mendonca, 86-87. 

Bowhill, S .  A .  (1964), Or ig in  of f i e ld- a l igned  i r r e g u l a r i t i e s  i n  t h e  F2-layer,  
Presented a t  AGARD-NATO meeting, Copenhagen. 

Bowhill, S .  A.  (1966), A rocket  experiment on t h e  s t r u c t u r e  of  sporadic  E ,  
Radio Science - 1 (New S e r i e s ) ,  187-190. 

Bowles, K .  L . ,  and R .  Cohen (1962), A s tudy of r a d i o  wave s c a t t e r i n g  from sporadic  
E near  t h e  magnetic equator ,  Ionospheric Sporadic E ,  eds.  Smith, E .  K . ,  and 
S .  Matsushita ,  Macmillan Company, 51-57. 

Bowles, K .  L . ,  R .  Cohen, G .  R .  Ochs, and B. B .  Balsley (1960), Radio echoes from 
f i e ld- a l igned  i o n i z a t i o n  above t h e  magnetic equator  and t h e i r  resemblance 
t o  au ro ra l  echoes, J .  Geophys. Res. - 65, 1853-1855. 



102 

C a h i l l ,  L .  J .  (1959), Equator ia l  e l e c t r o j e t ,  J .  Geophys. Res. - 64, 489-503. 

Calver t ,  W . ,  and C .  W.  Schmid (1964), Spread F observat ions by t h e  Alouet te  
tops ide  sounder sa te l l i t e ,  J .  Geophys. Res. - 69, 1839-1852. 

Chapman, S .  (1951), The e q u a t o r i a l  e l e c t r o j e t  as deduced from t h e  abnormal 
e l ec t r i c  cu r ren t  d i s t r i b u t i o n  above Huancayo, Peru and elsewhere, Arch. 
Meteoro. Geophys. u .  Bioklimatol - A4, 368. 

Chapman, S .  (1956), The e lec t r ica l  conduct iv i ty  of t h e  ionosphere--a review, 
Nuova Cimento 4 , ' S e r .  10 ,  N Q .  4, 1385-1412. 

Chapman, S . ,  and J .  Bartles (1940), Geomagnetism, Clarendon Press, Oxford. 

Chi l ton ,  C .  J . ,  and S .  M .  Radice l la  (1965), Differences between t r a n s e q u a t o r i a l  
and middle l a t i t u d e  VLF propagation,  Proc. of  t h e  Second I n t e r n a t i o n a l  
Symposium on Equator ia l  Aeronomy, ed.  F .  de Mendonca, 34-39. 

Dagg, M .  (1957a), The o r i g i n  of  t h e  ionospher ic  i r r e g u l a r i t i e s  respons ib le  f o r  
r a d i o- s t a r  s c i n t i l l a t i o n s  and spread F - - I .  Review o f  e x i s t i n g  t h e o r i e s ,  J .  
Atmospheric Terrest .  Phys. - 11, 133-138. 

Dagg, M .  (1957b), The o r i g i n  of  t h e  ionospher ic  i r r e g u l a r i t i e s  respons ib le  f o r  
r a d i o - s t a r  s c i n t i l l a t i o n s  and spread F- -11 .  Turbulent motion i n  t h e  dynamo 
region,  J .  Atmospheric Terrest .  Phys. - 11, 139-150. 

Davis, T .  N . ,  K .  Burrows, and J .  D .  S t o l a r i k  (1967), A l a t i t u d e  survey o f  t h e  
equa to r i a l  e l e c t r o j e t  with rocket-borne magnetometers, J .  Geophys. Res. - 72(7),  
1845-1861. 

Duncan, R .  A .  (1960), The e q u a t o r i a l  F-region of t h e  ionosphere, J .  Atmospheric 
Terrest .  Phys. - 18, 88-100. 

Far ley ,  D .  T .  (1963), A plasma i n s t a b i l i t y  r e s u l t i n g  i n  f i e ld- a l igned  i r r egu-  
la r i t i e s  i n  t h e  ionosphere, J .  Geophys. Res. - 68, 6083-6097. 

Flttgel,  M ,  D .  (1962), On t h e  geographical d i s t r i b u t i o n  of ionospheric  absorpt ion ,  
Ionosph. Res. 10 ,  5-13. - 

Goldberg, R .  A .  (1965), The effect of a v a r i a b l e  e l e c t r o n  temperature on t h e  
e q u a t o r i a l  e l e c t r o n  dens i ty  d i s t r i b u t i o n  i n  t h e  upper ionosphere, J .  Geophys. 
Res. 70 655-665. -' 

Goldberg, R .  A . ,  P .  C .  Kendall,  and E .  R .  Schmerling (1964), Geomagnetic con t ro l  
of t h e  e l e c t r o n  d e n s i t y  i n  t h e  F-region of t h e  ionosphere,  J .  Geophys. Res. 
69, 417-427. - 

Goldberg, R .  A . ,  and E .  R .  Schmerling (1963), The effect o f  d i f f u s i o n  on t h e  
equi l ibr ium e l e c t r o n  dens i ty  d i s t r i b u t i o n  i n  t h e  F- region nea r  t h e  magnetic 
equator ,  J. Geophys. Res. - 69,  1927-1936. 

a 



103 

Gooch, J . ,  H .  Krone, and D .  Skaperdas (1966) , Results  of s i x t e e n  d i f f e r e n t i a l  
absorpt ion and Faraday r o t a t i o n  measurements with Nike-Apache rocke t s ,  Co- 
ordina ted  Sciences Laboratory, Univers i ty  of I l l i n o i s ,  Urbana, I l l i n o i s ,  
Report No. R-324. 

Hanson, W .  B . ,  and R .  J .  Moffett  (1966), Ion iza t ion  t r a n s p o r t  effects i n  t h e  
equa to r i a l  F-region, J. Geophys. Res. 71,  5559-5572. - 

Knecht, R .  W . ,  and R.  E .  McDuffie (1962), On t h e  width of t h e  equa to r i a l  E s  
b e l t ,  Ionospheric Sporadic E ,  eds.  Smith, E .  K . ,  and S ,  Matsushita,  The 
Macmillan Company, 215-218. 

Knoebel, A . ,  D a Skaperdas , J .  Gooch, B.  Kirkwood, and H. Krone (1965) , High 
frequency r a d i o  frequency measurements of  Faraday r o t a t i o n  and d i f f e r e n t i a l  
absorpt ion with rocket  probes, Co-ordinated Sciences Laboratory, Univers i ty  
o f  I l l i n o i s ,  Urbana, I l l i n o i s ,  Report No. R-273. 

Kotadia, K .  M.  (1962), The e q u a t o r i a l  sporadic  E l a y e r  and t h e  e l e c t r o j e t ,  J .  
Atmospheric Terrest .  Phys. 24, 211-218. - 

Martyn, D .  F .  (1955), Theory of he ight  and i o n i z a t i o n  dens i ty  changes a t  the  
maximum of  a Chaynan-like region ,  tak ing  account of  ion-production,  decay, 
d i f f u s i o n  and t o t a l  d r i f t ,  Phys. SOC. London, Proc. Cambridge Conference, 
254-259. 

Matsushita,  S. (1951), In tense  E s  i o n i z a t i o n  near t h e  magnetic equator ,  J .  
Geomag. Geoelect .  3, 44-46. - 

Matsushita,  S . (1953) , Ionospheric v a r i a t i o n  a s soc ia t ed  with geomagnetic d i s -  
turbances,  J .  Geomag. Geoelect.  5 , 109-135. - 

Matsushita,  S .  (1962), I n t e r - r e l a t i o n s  of  sporadic  E and ionospheric  cu r ren t s ,  
Ionospheric Sporadic E ,  eds .  Smith, E .  K,; and S .  Matsushita; Macmillan 
Company, 344-375. 

Matsushita,  S .  (1964) , Geomagnetic storms and r e l a t e d  phenomena, Research i n  
Geophysics , ed . Odishaw , H .  455-483, 

Maynard, N .  C .  , and C .  J .  C a h i l l  (1965), Preliminary r e s u l t s  o f  measurements of  
Sq cu r ren t s  and t h e  e q u a t o r i a l  e l e c t r o j e t  near  Peru, J .  Geophys. Res. 70, 
5975-5977. 

c 

Maynard, N. C . ,  C .  J .  C a h i l l ,  and J .  S .  G .  Sas t ry  (1965), Preliminary r e s u l t s  
o f  measurements of t h e  equa to r i a l  e l e c t r o j e t  over  Ind ia ,  J .  Geophys. Res. 
70, 1241-1245. - 

Mitra, S. K .  (1946), Geomagnetic con t ro l  of  region  F 2  of t h e  ionosphere, Nature 
158, 668-669, - 

Murthy, B .  V .  K .  (1966), Behavior of tops ide  and bottomside spread F a t  equa to r i a l  
l a t i t u d e s ,  J .  Geophys. Res. _. 71,  4527-4533. 



104 

Nicole t ,  M . ,  and A .  C .  Aikin (1960), The formation of  t h e  D-region, J .  Geophys. 
Res. 65, 1469-1483. - 

Ogbuehi, P .  O . ,  and D .  G .  Osborne (1965), Summary of  low l a t i t u d e  cu r ren t  
system inc luding t h e  e l e c t r o j e t  and magnetic v a r i a t i o n s ,  Proc. of  t h e  
I n t e r n a t i o n a l  Symposium on Equatorial  Aeronomy, ed.  F .  de  Mendonca, 445- 
448. 

O l a t u n j i ,  E .  0. (1965), Some fea tu res  of equa to r i a l  ionospheric  storms, Proc. 
of t h e  Second I n t e r n a t i o n a l  Symposium on Equator ia l  Aeronomy, ed. F.  de 
Mendonca, 479-482. 

P iggo t t ,  W. R .  (1965), Some comments on outstanding problems i n  absorpt ion ,  
Proc. of t h e  Second I n t e r n a t i o n a l  Symposium on Equator ia l  Aeronomy, ed. 
F .  de Mendonca, 75-77. 

P iggo t t ,  W .  R . ,  and K .  Rawer (1961), URSI Handbook of Ionogram I n t e r p r e t a t i o n  
and Reduction, E l sev ie r  Publishing Company, 47. 

Rao, M .  M .  , and B .  R .  Rao (1963), The effect  of e l e c t r o j e t  on t h e  seasonal  
v a r i a t i o n  of sporadic  E ,  J .  Atmospheric Terrest. Phys. - 25, 571-576. 

Rao, M .  M . ,  and B .  R .  Rao (1966), Long term v a r i a t i o n  i n  t h e  e q u a t o r i a l  sporadic  
E and t h e  e l e c t r o j e t ,  P lane t .  Space S c i .  - 14, 529-540. 

Rastogi ,  R .  G .  (1959a) , The d iu rna l  development of t h e  anomalous equa to r i a l  
b e l t  i n  the  E2 region of t h e  ionosphere, J .  Geophys. Res. - 64, 727-732. 

Rastogi ,  R .  G .  (1959b), Geomagnetic in f luence  on t h e  F 1  and F 2  regions of  t h e  
ionosphere- -effect  o f  s o l a r  a c t i v i t y ,  J .  Atmospheric Terrest .  Phys. - 14, 
31-40. 

Rastogi ,  R .  G .  (1959c), Magnetic con t ro l  on t h e  v a r i a t i o n s  of t h e  c r i t i c a l  fre- 
quency of t h e  F 2  l a y e r  of t h e  ionosphere, Canad. J .  Phys. - 37, 874. 

Rastogi ,  R .  G . ,  N .  D .  Kaushika, and N .  B .  Tr ivedi  (1965), So la r  f la re  rocket  
and sudden commencement i n  H wi th in  t h e  e l e c t r o j e t  r eg ion ,  J .  Atmospheric 
Terrest .  Phys. - 27,  663-668. 

Rastogi ,  R .  G . ,  and G .  Rajaram (1965) , Abnormal d is turbance  d a i l y  a t  Huancayo 
during I G Y- I G C ,  Proc. of t h e  Second I n t e r n a t i o n a l  Symposium on Equator ia l  
Aeronomy ed.  F .  de Mendonca, 487-490. 

Ratcliffe,  J .  A .  (1962), The magnetoionic theory and i t s  app l i ca t ions  t o  t h e  
ionosphere, A Monograph, Cambridge Univers i ty  Press. 

Schmerling, E .  R .  (1966) , Advances i n  ionospheric  physics  i n  t h e  rocket  and 
s a t e l l i t e  era, Review of Geophysics - 4, 329-362. 

Sen, H'. K . ,  and A .  A.  Wyller (1960), On t h e  gene ra l i za t ion  of  t h e  Appleton- 
Hartree magnetoionic formulas, J .  Geophys. Res. - 65, 3931-3950. 

c 



105 

Shi rke ,  J .  S. (1966), An equa to r i a l  and low l a t i t u d e  anomaly i n  ionospheric  
absorpt ion.  Results  o f  observat ions on board t h e  USNS Croatan, Presented 
a t  t h e  Fal l  URSI meeting a t  Palo Alto,  Ca l i fo rn ia .  

Skinner ,  N .  J .  (1965), Absorption i n  t h e  equa to r i a l  ionosphere (Review Paper) ,  
Proc. of  t h e  Second I n t e r n a t i o n a l  Symposium on Equator ia l  Aeronomy, ed. 
F .  de Mendonca, 43-50. 

Skinner,  N .  J . ,  and R .  W .  Wright (1956), Ionospheric absorpt ion measurements 
a t  t h e  equator ,  J .  Atmospheric Terrest. Phys. - 9 ,  103. 

Smith, E .  K .  (1957), World-wide occurrence of  sporadic  E ,  NBS C i r c u l a r  No. 582. 

Whitehead, J .  D .  (1966), The enigma of  t h e  equa to r i a l  e l e c t r o j e t ,  P lanet .  Space 
S c i .  14, 519-522. - 



106 

APPEND1 X 

Fas t ran  Computer Program f o r  Inves t iga t ing  t h e  Regions o f  QL and QT Approximations - 

$ Fas t ran  

$ Go 

10 Read Input Tape 7,  1, H ,  B ,  CF,  ED 

1 Format (F 5 .0 ,  3E 11.0) 

X = 0.7034 E- 1 1  * ED 

Y = 0.8269 E+4 * B 

Z = 0.047 E-6 * CF 

F 1  = (6.0/Y) * SQRT ((1.0-X) ** 2 + 2 ** 2) 

F 2  = (2.0/(3.0*Y)) * SQRT ((1.0-X) ** 2 + Z ** 2) 

P 1  = -F1/2.0 + SQRT ( F 1  ** 2.+4.) /2 .0 

Q1 = -F2/2.0 + SQRT (F2 ** 2.+4.) /2 .0 

P 1  = ARCOS (Pl) 

Q1 = ARCOS (Ql) 

Theta 1 = 180.0 * P1/3.1416 

Phi 1 = 180.0 * Q1/3.1416 

Write Output Tape 6 ,  2 ,  H,  F 1 ,  F 2 ,  Theta  1, Phi 1 

2 Format (F5.0, 4E 15.6) 

Go To 10 

End 

$ Data 

H(A1titude) B(Magnetic F i e ld )  CF (Co l l i s ion  Frequency) ED(E1ectron Density) 
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